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One  charge  that  i-a1  taken  ;  lace  '•  those  years  hat 
Peer  tl;<  steady  interna*  iona>  i?,if  ior  t-f  th<  ■-/:■- 
Ik;s’ui>.  r ro"  ~,r!t  until  '966  the  number  of  inter¬ 
national  author'  hovered  around  5  .  It  tv. ■  in¬ 
creased  v.itl  the  /ear'  to  at:  average  of  40  .  in- 
ciii.at  Inn  the  tee  hr  h  a  i  •  trength*  of  thi  prccrare , 
ar.o  the  wori.l-widn  interest  in  thnir  ( (intent  s . 

Another  charge  that  ha'  taken  |:!a<r  over  thr  y pars 
ha'  occurred  in  the-  market  plate  -  and  th!-  l-rinq* 
nr  to  the  heart  o‘  my  anniversary  lomper-ion'. 

In  19Sf  the  military  share-  of  the  quart?  crystal 
and  frequency  control  market  was  very  large  - 
perhaps  half.  Today  it  i-  let'  than  1  .  Why  has 
this  come  about?  One  reason  i-  that  the  commercial 
market  ha'  otiened  up  for  crystals,  fir-  t  for  color 
TV  set'.,  then  for  fP  radios,  and  most  recently  for 
writ (watches,  and  for  microprocessors;  the  latter 
for  use  in  everything  from  games  to  automobile 
electronics  to  industrial  process  control.  Another 
reason  for  the  shrinkage  in  the  military  market  has 
been  tie  development  of  sophisticated  means  of  fre¬ 
quency  synthesis,  whereby  one  reference  crystal  is 


used  to  derive  a  multitude  of  accurate  frequencies. 

Does  the  small  i-i  1  itary  share  of  the  current  r-e- 
quency  control  market  indicate  a  dwindling  mili¬ 
tary  interest  in  the  field?  My  answer  is  an  em¬ 
phatic  "NO".  Modern  f.  ,  [IT,  navigation,  surveil¬ 
lance,  and  EW  systems  are  dependent  upon  ultra- 
precise  frequency  control.  The  frequency  control 
elements  provide  the  electronic  heartbeats  of  to¬ 
day'-.  time-ordered  systems. 

Although,  from  the  standpoint  of  numbers  of  crys¬ 
tal'  used,  the  non-commercia1  market  seems  insig¬ 
nificant,  let  me  paraphrase  another  statement  made 
in  the  remarks  of  1956:  "Do  riot  take  too  lightly 
today's  accuracies.  The  military  requirements  will 
always  be  one  step  ahead  of  you".  That  statement 
i'  as  true  now  as  twenty-five  years  ago. 

Consequently,  I  don't  think  it  is  at  all  inaccurate 
to  -.ay,  that  the  low  cost  color  TV  crystal  was  made 
PO'sihle  by  developments  stemming  from  the  largely 
military  R&p  reported  in  earlier  symposium  pro¬ 
ceedings. 

Military  requirements  have  always  paced  the  state- 
of-the-art  and  have  been  the  technology  drivers, 
perhaps  more  so  ir.  this  industry  than  in  others  be¬ 
cause  of  its  relatively  small  size  -  compared,  let's 
say,  with  microelectronics. 

let  me  wind  up  with  a  few  final  comparisons  re¬ 
garding  requirements: 

In  1956,  systems  were  fixed  -  carrier  frequen¬ 
cy;  today  spread-spectrum  in  the  word,  with  conse¬ 
quent  needs  for  stabilities  1000  to  10,000  times 
greater  than  then. 

In  1956,  radiation  hardness  was  not  a  consid¬ 
eration;  today  it  is,  and  qetting  frequency  shifts 
less  than  10-'  per  rad  translates  to  a  need  for 
better  quart?. 

In  1956,  shock  and  vibration  was  of  little 
consequence;  today  we  want  frequency  shifts  less 
than  10-r  per  q  or  smaller,  and  units  that  can 
take  the  20,000  g  shock  of  camion  launch. 
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Summary 

^ 1  *  6*-  aid  ot  many  of  the  people  who  were  j  r.— 

vo1v*m ,  thi.u  proper  !;•  an  attempt-  to  record  the  his¬ 
tory  ot  t.i.e  q  .artr.  eryrtai  ry  in  the  MSA.  Al- 

thougr.  eryrtai  -n.tr.  wt»!>:  in  uue  at  leant  a  Jeoaie 
earl  ier,  ti.o  beru  ni.ing  01'  the  quartz  crystal  Indur- 
ti'j  ir.  tr.e  «A  <K\:.  log i ea  lly  be  .ia tea  November  1 941 
whe:  t:.e  quartz  Cryr.ta  1  .lection  wan,  orgai  izod  ir.  the 
Ofn.:-.-  01’  fr.e  ihlef  Signal  Officer. 


Meauowr  hr*. 

Texan 

of  the  :-r.iteil  Stator  into  the  great  war  know:  a. 
World  War-  7  ’  provider.  a:,  appropriate  ocean  ;<»:  t»- 
review  the  "  i  ncred :  hi*.'  progrem"  *.r-  which  hr.  Hoi  - 
tor;  referred  ever,  though  quartz  ■'■ryrtai  ur.'.  tr  wen*- 
kr.owr.  u.-i  i  r.  limited  ur.o  more  that,  a  see.';  je  :  ».r  f  r  * 
that  liato.  The  1 9 f)  lecinior.  of  the  Armei  ..erv;-- 
of  trie  Suited  J  taken  to  convert  itn  radio  eq  .ipr.ers 
to  erynta  1  control  resulted  ir.  the  creatin'  r.f 
i ruiurtry  which  ultimately  played  an  lr.port.un*.  role 
ir.  the  victory  of  the  Allie  j  Fore?.  •  over  ’he  Ax  in 
FY:  worn , 


The*  .a  inf  fry  of  tho  io.i.intry  in  traced  from  it:; 
ri,;;r.  with  fne  1  in,  cover;;  of  ?-ezoeieotri  city  by  the 
,ir;o  crotr.em  ir.  1  ,;cu-”1  to  the  prereut  time.  Spe- 
1.1 ;  ernph.inin  in  place  1  .por.  tu--  problem;,  which  were 
r..  re..:.:,  ere.:  uuu  wer-ome  ir.  creating  ar.  i  .•  ..Jun.t  ry  cap- 
bie  rvetir.n  the  demur,  in  of  the  Armed  Servicer  of 
r-r‘  •  ‘•ir-’?n  4 * . :  r  Allien  during  WW  ; ;  . 


ih-  r**  •  f  *oc -perut  1  >>r  among  *he  large  ar.-i 

..•mail  ir.  lantri-M,  /over;  mental  arer.oie-n,  the  arr..ed 
n.erv vern:  Me. 1  ar. ;  i  r.  i :  vid  ial  citizen;.;  i  r : - 
z]'.r-r  fi  ier.ee  that  the  mont  critical  problem 
ja:  te  noj.  vea  with  coop-erat  ioi. ,  ae.ii  oat  lor.  ant 


i  r.tro  r  ..;t  :oi, 

Tue  A  *g  ;:;t  .  'j ,  1  •b)  innue  of  I.iFK  Magazine 
r-irrie:  *  .he  following  letter  to  the  editor: 

Sim:  ir  proportion  to  nine  there  little  glam 

i  i  kv  quartz  wafer.;  are  perha  pn  the  moot  remark  - 
■  trie  of  1 1  i  ti.-.-  too  in  ncie-r.ce  ban  <river;  to  war. 

« tr.-.  .it cry  t.r.e  aimo.it  i i.creu i tie  pro¬ 

s' re.;. •  l m-nonroh  rvt.-.i  :aai... fact- ire  of  radio  eryn¬ 
ta  in  ear  m  toll,  if  will  provf  to  i a  tal*;  of 
or  e  of  ti  e-  wr *.'r eaten*,  aohievemer.*  n.  No  len.n 
:  f  i  e-ar.t  will  be  the  fr.it  of  th*?ne  advrtr.ee*- 
mer.tn.  *0  a  r.ew  w'.-rla  at  p*?a'*e  where  erynta  In. 
will  be  the  vi  brat ;  r.p.  heart.;  of  rr.ont  tehreom- 
.".jr.i'Sitlor.  eq.i  pmer.t.  lerfii-i  Jamen  Hoi  tor. , 
riarva r  i  -.1  vern. i  ty ,  Cambi- i  b:o ,  Mann . 

The  "nt.ory"  to  which  Pro!’,  iiultor.  no  pi-ophet- 
i  aa  lly  referred  ban  not  beer  toll  ara  perliapr;  can 
r.-.-ver  b»  ■  tola  ir.  detail.  MacLaar  i  r. ,  i  r.  the  book 
i  NVr»*7  i  ON  AN  L  i  N  NO  VAT  I  ON  IN  THh  HAjiO  I  NiUhTTRY , 
or.e  of  the  oookn  i  r.  the  MIT  .;tu-iien  of  i r.novat  ion , 
p.hiin.hei  ir.  ! f>49 ,  aoen  r.ot  ev*.*r.  meiiticji.  piezoelec¬ 
tricity  or  tho*  quartz  cry;; tal  ur.it.  Bat  Prof. 
Holtor.'n  prophecy  concerr. ir.^  the  peace  time  unen 
of  "thone  little  ^lain  like  wafer:;"  ban  been  ful¬ 
filled  far  beyond  anything  that  he  could  have  fore- 
nee  r. . 

The*  fortieth  ar.r; i vernary  of  the  entrance 


i'r.e  yearn  f  OHO-'-l  are  aln-o  tr.e  renter. r.  ia  i 
M.e  yearn  ir.  which  fi:e  Tar  le  brother;;  j  in  cove  re  : 
ft.--  p:eaool«>otr:  r  *.-ifect. ;  the  <i :  re  at  •.-H’-.-ct  ir 
tin.  00?  vern-o  .'ffo^t  1:  1  •' T  . 

!  t  in  fitting,  ther-rf ore ,  that  we  n.h(;uld  at 
fi .in  time  lr  ok  ha  -k  .por  the  -.ievel opr.er  t  of  ar. 
jan.try  which,  ;  r.  mar.y  m-n.p-rctn. ,  in.  ;r.iq  ;e ;  ar  ir.  1.. 
fry  ntalToJ  for  the  ,7.0. it  part  by  pv.-ople  w:  -  wr--  r  c 
fra:  nod  ncient in.tn  or  er.rir;eem.  Or.  f he  -cr.frarv 
fhey  were  bnrtoiiaern ,  lamp  n.ha-ie  rar.  ifact  .rern ,  woo 
worker:;,  n.t.o.ne  cutter: ; ,  meohai.i or.  ana,  above  •ill, 
■amateur  radio  operatorn  or  "harm.".  With  a  few  pro 
fern  j  or  .a  In. ,  nont  of  whom  knew  little  mere  fhar  fr.-.y 
auout  piosooloctrioity  and  with  a  totally  ir.natl.i- 
f.a-'tory  Uan.in.  of  ncientific  information,  --r.fr 

prt-r.cir.;  tackled  a  job-  which  woild  have  fax*-:  fr.e 
ability  of  the  mont  a *.i var.ee i  ar.a  bent  oq.ippoj 
dun-trial  concern  ir.  the  T.atior. .  And  they  carried 
it  off.  But  let  u.i  ntart  at  fh«?  nogir.r.i r.r . 

hlarl.y  Hi:;t.ory  of  Piezoelectricity 

Very  noon  after  itn.  iin.covery  the  Tur'e.i 
vin.eu  nevoral  ir-ntrumcrrtn  ;ti  linlr.,-:  fh»*  pi -‘.u.ieiec- 
tric  effect.  One  of  ffa.-n.e  wan,  *  he  p.i ->zoei-- '*  r ;  - 
voltmeter.  Another  wan  +.tie  piezoele  -tror.e'.er  wl.i  .• 
later  became  the  baric  ir.ntrumer.*  .ned  by  Pierre  ar. 
Marie  Curie  ir.  their  work  which  led  to  *.he  li.i.'over 
of  Had! um.  Otherw ire f  for  more  *h.ar.  three  lecade  : 

the  piezoelectric  effect  remained  little  more  that, 
a  laboratory  euriority.  Further  levelopmentz  had 
to  await  tdie  iriventioi:  of  the  triodo  vanuurr.  tube. 

After  the  Curie:;  the  firnt  application  of  fr.e 
pi ezoelectric  effect  wan,  made  by  Prof.  F.  Lar.gevin 
in  France  In,  1917.  Lai.gevin  uned  >1- 'nt  platen,  of 
quartz  to  generate  and  detect  round  waver,  in  water. 
H.ir  object  wan  to  provide  a  meur.n.  for  detect  ir.g  rub 
mariner  and  bin  work  led  to  the  development  of  TON A 
and  t  o  the  ncieuoe  of  ultnir.onicr.,  the  rerultr  of 
which  are  ntill  making  headliner,  (viz.,  the  rec»?r:t 
announcement  of  the  succer.rful  u:;e  of  ultrar.onic 
imaging  in  mammography) . 

Langevin'r,  work  rtimulatod  other;;  to  i nvent. igate 
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the  phenomenon  of  resonance  in  piezoelectric  crys¬ 
tal;-.  Among  those  who  became  interested  were  A. 

M.  Nicholson  of  the  Bell  Telephone  Laboratories  and 
Prof.  W .  <1 .  i  lady  at  Wesleyan  University.  Both  men, 
working  with  Rochelle  salt,  observed  the  reaction  of 
the  resonant  piezoid  on  the  driving  circuit  anil  both 
applied  for  patents  based  upon  their  observations. 

N  ilzeqaer.t  litigation  resulted  ir.  a  legal  decision 
in  favor  of  Nicholson  who  is  therefore  considered  to 
bo  the  inventor  of  the  piezoelectric  oscillator. 

in  1919  lady  use  a  quartz  piezold  to  control  the 
frequency  of  an  oscillator  and  in  a  series  of  pa¬ 
pers  durlig  the  next  three  years  he  described  the 
use  ef  quarts  bars  and  plates  as  frequency  standards 
ana  wave  filters.  It  is  generally  accepted  that 
lady  war  the  first  to  use  a  quartz  piezoid  to  con¬ 
trol  the  frequency  of  ar.  oscillator  circuit. 

Beth  Nicholson  and  Cady  used  devices  which 
would  today  be  called  monolithic  resonators  having 
two  sets  of  electrodes  on  the  same  crystal.  It  re¬ 
mained  for  Prof.  G.  W.  Pierce  of  Harvard  University 
tc  show,  in  1913,  that  a  quartz  plate  with  only  one 
set  of  electrodes  could  be  made  to  control  the  fre¬ 
quency  of  an  oscillator  circuit  using  only  one  vac¬ 
uum  tube.  Pierce's  circuit  has  probably  been  used 
more  that,  any  other  quartz  crystal  oscillator  cir¬ 
cuit. 

Oddly  enough,  r.o:.j  of  the  circuits  was  under¬ 
stood  by  its  inventor  until  Prof.  K.  S.  Van  Dyke, 
a  student  and  colleague  if  Cady,  showed  in  1925 
that  the  two  electrode  piezoelectric  resonator  is 
the  electrical  equivalent  of  a  series  resonant  cir¬ 
cuit  shur.teu  by  a  capacitor.  He  was  able  to  relate 
the  electrical  parameters  of  the  equivalent  circuit 
tc  the  physical  properties  of  the  piezoid.  This 
information  in  the  hands  of  Vigoreux,  Wright,  Terry 
and  others  led  to  the  understanding  of  the  piezo¬ 
electric  resonator  or  piezoid  and  to  its  use  both 
ar  a  passive  and  as  an  active  circuit  element. 

The  importance  of  the  discoveries  of  Cady, 
Nicholson  and  Pierce  did  not  go  unnoticed.  In  1923 
the  Bell  Telephone  Laboratories  established  a 
quartz  laboratory  and  the  General  Electric  Company 
liu  likewise  the  following  year.  One  of  the  in¬ 
dividuals  who  reeog: izeu  the  potential  of  the  quartz 
crystal  unit  was  August  E.  Miller.  In  1923  Miller 
left  the  optica]  business  where  he  had  become  ar.  ex¬ 
pert  ir.  grinding  quartz  lenses  to  go  into  the  busi¬ 
ness  of  making  quartz  crystal  blanks  for  amateur 
radio  operators  or  "hams";  the  only  market  which 
the.';  existed  lor  the  new  device.  It  appears  that 
"Augie"  Miller  may  have  beer;  or.e  of  the  first  in¬ 
dividuals  to  go  into  the  business  of  making  quartz 
crystal  units. 

In  1926  the  A.  T.  &  T.  radio  station  WEAF  in 
New  York  City  became  the  first  radio  station  iri  the 
United  States  to  control  its  frequency  with  a  quartz 
crystal  unit.  Within  a  few  years  all  radio  sta¬ 
tions  went  to  crystal  control  thus  providing  another 
email  market  for  quartz  crystal  units. 

before  1926  all  crystal  unit3  were  X-cut  bars 
or  plates.  In  that  year  E.  U.  Tillyer  of  the  Amer¬ 
ican  Optical  Co.  discovered  the  Y-cut.  The  temp¬ 
erature-frequency  coefficient  of  the  Y-cut  Is  about 
+1 00  ppm  per  CU  whereas  that  of  the  X-cut  Is  about 
-20  ppm  per  C°.  This  fact  naturally  suggested  the 


possibility  of  making  piezoids,  the  frequencies  of 
which  would  be  independent  of  temperature  and  so 
work  was  started  In  several  places  to  exploit  the 
idea . 

Duritg  the  year  1927  Prof.  Gerald  Fox  of  the 
University  of  Iowa  spoke  to  a  convention  of  "hams" 
on  the  topic  "The  Piezoelectric  Properties  of 
Quartz".  His  talk  stimulated  some  of  the  hams  to 
try  to  make  their  own  crystal  units.  Or.c  of  them 
was  E.  L.  ( A 1)  Shideler  of  Hanson (  Iowa  who  not 
only  succeeded  In  doirg  so  but  continued  to  do  so 
until  he  retired  forty  years  later.  Ar. other  was 

Bill  Peterson  of  Council  Bluffs,  Iowa  who  founded 
the  Peterson  Radio  Co.  and  continued  to  make  crys¬ 
tal  units  until  his  recent  death.  Still  another 
was  Herb  Hollister  of  Merriam,  Kansas  who  continued 
to  make  crystal  units  until  the  end  of  WWII .  This 
list  is  doubtless  incomplete . 

The  interest  of  radio  amateurs  and  radio 
broadcasters  created  a  mini-market  for  crystal 
units  and  several  small  businesses  were  established 
to  satisfy  the  demand.  One  of  these  was  the 
Miller  Laboratories  started  by  August  Miller  in 
the  year  1928. 

In  January  1930  QST  published  an  article 
by  J.  Herbert  (Herb)  Hollister  entitled  "Debunking 
Crystal  Control"  in  which  he  pointed  out  "its  utter 
simplicity"  and  described  how  a  ham  could  make  his 
own  crystal  unit.  During  the  same  year  F.  Dawson 
Bliley  founded  the  Bliley  Electric  Co.  to  supply 
crystal  units  mainly  to  the  amateur  market.  Today 
the  Bliley  firm  is  headed  by  sons  of  the  founder 
and  continues  to  be  one  of  the  most  respected  com¬ 
panies  in  the  business. 

In  1931  Herbert  Blazier  founded  Monitor  Piezo 
Products  Co.  and  began  to  supply  crystal  units  to 
hams,  radio  stations  and  two-way  communication 
systems  on  the  West  Coast.  Monitor  continues  to¬ 
day  under  the  direction  of  John  W.  Blazier,  son  of 
the  founder  of  the  company.  Also  in  1931 1  Theo¬ 
dore  5.  Valpey  established  the  Valpey  Crystal  Co. 
which  still  continues  as  the  Valpey-Fisher  Corp. 
under  the  direction  of  the  son  of  the  founder,  Mr. 
Ted  Valpey,  Jr. 

In  1931.  Dr.  W.  A.  ferlin,  Professor  of  Phys¬ 
ics  at  Dickinson  College  in  Carlisle,  PA  and  three 
of  his  students,  Ed  Minnich,  Howard  Bair  and 
Charles  Fagan  decided  to  try  to  make  crystal  units 
for  their  ham  rigs.  They  were  assisted  by  Grover 
C.  Hunt,  an  amateur  lapidist  who  was  employed  by 
the  college  as  an  engineer.  Not  only  were  they 
successful  but  in  the  following  year  Hunt  produced 
the  first  commercial  units  to  be  made  in  the  Car¬ 
lisle  area.  All  of  the  quartz  crystal  operations 
in  the  Carlisle  area  are  direct  descendents  of 
Hunt's  original  efforts. 

In  1932  Leon  Faber,  who  had  taken  up  the  hobby 
of  amateur  radio  in  1913,  began  to  make  crystal 
units  in  Sandwich,  IL.  His  first  customers  were 
other  hams.  When  WW  II  broke  out  Faber  formed  a 
partnership  with  James  Knights  who  owned  and  oper¬ 
ated  a  battery  shop  in  Sandwich.  Their  efforts 
produced  the  James  Knights  Co.  which  became  one  of 
the  largest  crystal  manufacturers  in  the  world. 

It  continues  today  as  the  CTS-Knights  Co. 

The  crystal  units  of  the  day  were  either  X-  or 


Y-cut  plates  mounted  loosely  between  two  metal 
plates  which  served  as  electrodes.  With  suitable 
temperature  control  frequency  stabilities  of  a  few 
ppm  could  be  achieved.  This  was  a  vast  improvement 
over  the  free  running  oscillators  of  the  time  but 
the  temperature  control  equipment  was  expensive, 
cumbersome  and  power  consuming.  Furthermore,  the 
construction  of  the  units  made  them  susceptible  to 
the  effects  of  vibration  and  precluded  their  use  in 
aircraft  and  other  mobile  systems. 

Meanwhile  work  had  continued  to  try  to  find 
ways  of  making  units  which  would  be  less  suscepti¬ 
ble  to  the  effects  of  temperature  changes.  In  1929 
W.  A.  Marrison  of  the  Bell  Telephone  Laboratories 
described  the  first  quartz  piezoid  with  a  low  temp¬ 
erature  coefficient.  It  was  made  in  the  form  of  a 
doughnut  and  was  later  used  as  the  isochronous  ele¬ 
ment  of  the  first  crystal  clock.  It  did  not,  how¬ 
ever, prove  practical  for  general  use.  Efforts  to 
develop  a  practical  unit  having  3  low  frequency- 
temperature  coefficient  were  successful  in  1 93^- 
when  the  AT-  and  BT-cuts  were  discovered  indepen¬ 
dently  by  Koga  in  Japan,  by  Bechmann  and  Straubel 
ir.  Germany  ar.d  by  Lack,  Willard  and  Fair  In  the 
United  .1  bates .  Two  years  later  Baldwin  and  Bok- 

ovoy  of  RCA  introduced  the  V-cut. 

Shortly  thereafter  G.  W.  Thurston  of  the 
Bell  Telephone  Laboratories  discovered  that  a 
quartz  plate  of  the  rotated  Y-cut  family  could  be 
rigidly  supported  between  two  metal  plates  by 
clampirg  it  at  a  few  points  near  the  edge  and  thus 
providing  at.  air  space  between  the  quartz  plate 
ar.u  the  metal  electrode.  Although  slightly  more 
difficult  to  produce,  the  clamped,  low  temperature 
coefficient  plates  were  suitable  for  mobile  applic¬ 
ations  ar.d  ‘his  in  ares  so  i  the  market  for  crystal 
jr.ita. 

in  response  to  the  new  market  several  new  com¬ 
panies  were  formed.  Among  them  was  Standard  Pie¬ 
zo  Go.,  the  first  crystal  company  in  the  Carlisle, 

PA  area;  organized  by  Grover  Hunt  and  Linwood  Gagne 
in  1935-  ir.  the  same  year  the  General  Electric  Co., 
which  hal  established  a  quartz  laboratory  in  1924, 
leciied  that  the  crystal  unit  was  ready  for  commer¬ 
cial  production  and  assigned  it  to  the  G.  E.  Lab¬ 
oratories  at  Gchenectady,  NY  ..i.ier  the  direction 
of  G.  F.  Ballwin .  Ir.  addition  to  units  produced 
for  internal  use,  a  few  were  sold  on  the  open 
market . 

One  of  the  most  important  influences  ori  the 
development  of  the  crystal  industry  in  the  period 
‘ 933-40  was  the  Galvin  Mfg.  Co.  (Motorola).  Mr. 
jar.  Noble,  ex-professor  of  Electrical  Engineering 
at  the  University  of  Connecticut ,  was  convinced 
that  crystal  control  was  essential  to  effective  two 
way  ratio  communication.  I ri  order  to  obtain  the 

crystal  units  which  he  needed  for  his  new  two-way 
system.';  he  persuaded  Mr.  Galvin  to  place  orders  with 
and  ir.  some  cases  to  subsidize  a  number  of  individ¬ 
uals  who  had  some  experience  with  crystal  units. 
Among  these  were  E.  L.  Ghideler  of  Fort  Dodge,  IA, 
Herb  Hollister  of  Wichita,  K3  arid  "Ted"  Tedford  of 
Cincli.rAt.il  OH. 

Production  methods  in  use  at  the  time  were 
quite  primitive.  Orientation  war,  done  with  refer¬ 
ence  to  the  natural  faces  of  the  crystal  and  con¬ 


sequently  only  faced  quartz  crystals  could  be  used. 
The  usual  procedure  war,  to  determine  the  orientat¬ 
ion  with  respect  to  a  rhombehedral  face  using  a 
protractor  to  measure  the  angular  position.  Jaw¬ 
ing  was  done  with  a  rotating  blade  in  a  slurry  of 
silicon  carbide  and  oil  or  water.  The  blades  were 
usually  of  copper  although  other  metals  were  used 
and  at  least  one  innovator  of  the  day  used  old  ?8 
rpm  phonograph  records.  The  crystal  wan  held  at 
the  approximate  angle  by  cementing  it  to  a  glass 
plate  with  wax  or  plaster  Paris  and  a  test  cut  was 
made.  The  resulting  plate  was  lapped  by  hand  un¬ 
til  it  would  oscillate  when  placed  between  metal 
electrodes,  the  upper  one  of  which  was  called  a 
"penny  plate"  because  of  its  shape  and  size.  Orce 
oscillation  was  obtained,  the  temperature  was 
changed  by  means  of  a  hair  dryer  or  with  dry  ice 
and  the  direction  of  frequency  change  noted.  Then 
the  saw,  which  had  remained  idle  during  the  process, 
was  readjusted  and  another  test  plate  cut.  The 
process  was  repeated  until  a  satisfactory  angle 
was  found  and,  if  any  quartz  remained,  the  crystal 
was  sawed  into  wafers.  Although  simple  in  prin¬ 
ciple,  this  method  of  orientation  had  two  serious 
disadvantages;  it  was  slow  because  the  saw  was  idle 
for  long  periods  of  time  and  the  test  results  were 
often  ambiguous  because  of  the  effects  of  twinning 
and  of  coupled  modes.  Even  at  best,  the  accuracy 
was  poor. 

In  a  short  time  it  was  discovered  that  polar¬ 
ized  light  could  be  used  in  determining  the  angle. 

Ey  passing  a  beam  of  plane  polarized  light  through 
the  blank  In  the  X-direction  the  angle  between  the 
plane  of  the  blank  and  the  Z-axis  can  be  determined 
with  an  accuracy  of  a  few  tenths  of  a  degree.  The 
use  of  polarized  light  greatly  increased  the  pro¬ 
ductivity  of  the  factory  and  the  quality  of  the 
product . 

Ac  the  market  for  crystal  units  expanded  ir. 
the  late  thirties,  the  need  for  mechanization  in¬ 
creased.  The  first  crude  saws  were  improvised 
from  milling  machines,  surface  grinders,  and  drill 
presses.  Later  these  were  turned  on  their  sides, 
fitted  with  diamond  blades  and  equipped  with  cross¬ 
feed  compounds  from  milling  machines.  Eventually 
the  Delta  Mfg.  Go.,  with  the  encouragement  of  Elmer 
Wavering  of  Motorola,  produced  5000  drill  press 
saws.  Still  later  the  Felker  Corp.  (now  Felker 
Operations)  produced  the  Felker  Dimet  saw,  operat¬ 
ing  on  the  same  principle  but  incorporating  re¬ 
finements  making  It  a  better  production  machine. 

After  a  slice  of  quartz,  called  a  wafer,  was 
cut  from  the  crystal  It  was  etched  with  hydroflu¬ 
oric  acid  to  reveal  the  presence  of  twinning  and 
other  defects  which  were  marked  out  and  discarded. 
The  remaining  portion  of  the  wafer  (If  any)  was 
then  diced  into  blanks  ranging  in  site  from  1.5  to 
1  cm.  The  typical  yield  was  20  to  30  blanks  per 
kilogram  of  quartz  costing  about  thirty  dollars. 
Unfortunately,  many  beautiful,  fully  faced  crystals 
proved  to  be  useless  because  of  electrical  and  op¬ 
tical  twinning  which  could  not  be  detected  until 
the  crystal  was  sawed  into  wafers. 

Blanks  were  lapped  by  hand  on  a  rotating  cast  iron 
plate  called  a  "stooging  wheel"  using  silicon  car¬ 
bide  and  water  as  a  slurry.  After  a  few  hours  of 
work,  the  operator  of  a  stooging  wheel  was  usually 
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contributing  blood  to  the  slurry  from  his/her  fin¬ 
ger  tips.  Many  strange  and  wonderful  devices  were 
used  to  replace  hand  lapping.  Louis  Patla  of  DX 
Crystal  Co.,  the  first  to  produce  crystal  units  in 
the  Chicago  area,  recalls  making  a  lapping  machine 
from  an  old  bread  dough  mixer.  But  most  of  the 
early  laps  were  made  from  drill  presses.  A  crank 
was  inserted  into  the  chuck  and  used  to  drive  a 
metal  carrier  between  two  flat,  annular  cast  iron 
plates  while  abrasive  slurry  was  fed  in  through 
holes  in  the  top  plate.  Metal  carriers  were  re¬ 
placed  by  plastic  ones  when  it  was  discovered  that, 
if  the  two  metal  plates  were  insulated  from  each 
other,  the  quartz  plates  would  announce  their  own 
frequencies  ir.  a  radio  receiver.  Socn  the  Atlas 
Machine  Co.  began  producing  drill  press  laps  and 
the  Atlas  lap  became  the  most  commonly  used  lap¬ 
ping  machine  in  the  industry.  In  1938  the  P.  R. 
Hoffman  Co.  was  organized  to  produce  machinery  for 
the  expanding  industry.  One  of  its  first  products 
was.  the  Hunt-Hoffman  planetary  lap  which  is  still 
widely  used  today  without  substantial  modification. 

Frequency  measurements  were  made  by  determin¬ 
ing  the  difference  between  the  frequency  of  the 
test  blank  and  that  of  some  reference  frequency 
such  as  a  secondary  frequency  standard  consisting 
of  a  one  MHz  crystal  unit  controlling  a  frequency 
generator  which  developed  a  set  of  radio  frequen¬ 
cies  having  integral  multiples  of  10  rUz.  Measure¬ 
ment  of  the  difference  frequency,  detected  by  a 
radio  receiver,  was  a  major  problem  which  was 
solved  ir.  various  ways.  One  of  the  early  manu¬ 
facturers,  t.  L.  Shideler,  used  the  family  piano 
as  ar.  interpolation  oscillator.  More  affluent 
manufacturers  could  procure  ar.  excellent  analog 
frequency  meter  from  General  Radio  Co.  and  within 
a  short  time  David  Packard  and  William  Hewlett  de¬ 
veloped  the  HP-200  audio  oscillator  which  not  only 
met  a  need  in  the  quartz  crystal  industry  but  also 
launched  the  Hewlett-F&ckard  Corportaion. 

Final  adjustment  to  frequency  was  done  using 
a  piece  of  plate  glass  as  a  lap  and  silicon  carbide 
or  emery  as  an  abrasive.  The  operator  applied 
force  at  diagonally  opposite  corners  of  the  blank 
while  moving  it  in  a  figure  8  motion  on  the  glass 
plate  thereby  unknowingly  reducing  the  thickness 
at  the  edges  and  creating  the  contour  which  is  es¬ 
sential  in  thickness  shear  plates  in  which  the 
thickness  is  not  small  compared  with  the  lateral 
uimensions.  Finishing  to  frequency  was  an  exas¬ 
perating  exercise.  The  frequency  of  the  plate  is 
determined  primarily,  but  riot  exclusivel  ,  by  the 
thickness.  But  the  amplitude  or  "activity"  de¬ 
pends  upon  the  lateral  dimensions.  Frequently 
the  blank  has  low  activity  when  adjusted  to  the 
nominal  frequency  and  edge  grinding  is  required. 

But  edge  grinding  has  a  second  order  effect  on  the 
frequency  which  often  skips  to  a  higher  frequency 
making  the  blank  unuseable  for  the  desired  purpose. 
This  phenomenon,  which  is  commonplace  and  well 
understood  today,  was  in  1935  variously  ascribed 
to  demons  or  to  the  perversity  of  inanimate  matter. 

Nevertheless,  with  patience,  experience  and 
luck  a  skilled  finisher  could  sometimes  finish  to 
frequency  as  many  as  twenty  crystal  units  per  day. 
And  so  with  primitive  equipment  arid  methods  and 
little  or  no  understanding  of  the  phenomena  involv¬ 
ed,  the  crystal  industry  in  the  United  States 


produced  an  estimated  100,000  crystal  units  during 
the  year  1939. 

It  is  quite  impossible  to  trace  to  their  or¬ 
igins  many  of  the  innovations  which  were  devised 
during  this  period.  Many  techniques,  thought  to 
be  original  by  their  inventors,  were  later  reported 
to  have  been  in  use  elsewhere  at  an  earlier  date. 
This  situation  was  partly  due  to  the  desire  to  keep 
as  a  trade  secret  any  innovation  which  reduced  the 
cost  or/and  improved  the  product;  and  partly  to  the 
lack  of  any  effective  means  of  communication  be¬ 
tween  the  various  entrepreneurs.  After  the  United 
States  became  involved  in  the  war  patriotism  took 
precedence  over  industrial  secrecy  and  with  only 
one  or  two  notable  exceptions  cooperation  rather 
than  competition  became  the  rule. 

The  Quartz  Crystal  Section 

The  decision  to  make  large  scale  use  of  crys¬ 
tal  control  in  military  communication  systems  was 
made  late  in  1939.  The  Armed  Services  had  consid¬ 
ered  crystal  control  before  but  the  idea  was  always 
rejected  on  the  bases  of  (1)  lack  of  flexibility, 
(2)  cost,  and  (3)  unavailability.  In  the  summer 
of  1939,  during  field  maneuvers  In  Tennessee,  com¬ 
parative  tests  were  made  of  FM  vehicular  radio  eq¬ 
uipment,  with  and  without  crystal  control.  About 
the  same  time  some  crystal  controlled  equipment, 
captured  from  the  German  Army  by  the  British,  was 
sent  to  Wright  Field  for  evaluation.  The  result 
of  these  tests  was  the  decision  to  convert  all  mil¬ 
itary  radio  equipment  to  crystal  control.  This 
was  about  two  years  before  Pearl  Harbor  Day  (Dec. 

?,  1991)  and  after  the  war  in  Europe  was  already 
under  way. 

The  wisdom  of  this  decision  was  emphasized  by 
Major  General  Roger  B.  Colton  at  the  Chicago  Con¬ 
ference  on  July  11-12,  1994  when,  despite  all  of 
the  problems  which  had  by  then  been  encountered, 
some  of  which  were  still  unsolved,  he  could  say: 

"Our  decision  to  go  into  crystal  controlled 
radios  for  widespread  tactical  use  has  been 
more  than  justified  by  the  results  obtained. 
The  Army  had  radio  before  they  had  crystals. 
Now  the  Army  has  communications.  That's  the 
difference.  Crystals  gave  us  communications." 

Before  the  United  States  had  seriously  started 
rearming  representatives  of  the  British  Purchasing 
Agency  came  to  the  United  States  to  obtain  equip¬ 
ment  for  the  Armed  Services  of  the  U.  K.  One  piece 
of  equipment  which  they  ordered  was  a  VHF  trans¬ 
mitter-receiver  for  aircraft  use  employing  4  crys¬ 
tal  units  in  the  transmitter  and  4  in  the  receiver. 
The  equipment  was  made  by  the  Bendix  Corp.  and  the 
crystal  units  were  the  DC-11  and  the  DC-12  types, 
fhis  set,  with  a  few  modifications  became  the  SCR- 
522,  the  most  important  airborne  set  in  the  U.S. 

Air  Force  and  its  crystal  unit  became  the  CR-1 . 

As  the  war  in  Europe  increased  in  intensity 
it  became  apparent  that  the  United  States  might 
soon  be  involved.  The  pressure  on  the  fledgling 
crystal  industry  increased  as  it  was  asked  to  sup¬ 
ply  crystal  units  for  the  Allied  Forces  as  well  as 
our  own.  It  became  clear  during  the  latter  months 
of  1941  that  a  serious  bottleneck  was  developing 
and  that  something  must  be  done  to  expedite  the 
production  of  crystal  units. 
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If  any  date  can  be  ascribed  to  the  beginning 
of  the  quartz  crystal  Industry  In  the  United  States 
it  is  probably  late  October  or  early  November  1991 
when  the  Quartz  Crystal  Section  (QCS)  was  organized 
in  the  Office  of  the  Chief  Signal  Officer  (OCSIGO) . 
It  was  headed  by  Lt.  Col.  James  D.  0‘Connel  and 
house  in  Bldg.  Temporary  A  at  Buzzard's  Point  near 
the  old  Army  War  College  in  Washington.  The  mission 
of  the  QCS  was  to  expedite  the  production  of  quartz 
crystal  units  to  meet  the  requirements  of  our  Armed 
Services  and  those  of  the  Allies.  The  first  prob¬ 
lem  Has  that  of  finding  personnel  who  could  solve 
the  technical  problems  and  guide  the  industry  which 
was  to  be.  The  original  group  of  civilians  in  the 
ijCS  included: 

Dr.  Clifford  Frondel  of  Harvard  University 

Dr.  Richard  Stoiber  of  Dartmouth  College 

Hr.  Sam  Gordon  of  the  Philadelphia  Museum  of 
Natural  History,  and 

Dr.  William  Parrish  of  the  Pennsylvania  State 
University,  all  of  whom  were  mineralogists. 

Dr.  Wally  Richmond  and  Mr.  Hugh  Waesche,  both 
of  whom  were  g,  ' ogists . 

Dr.  Carl  Bertsch  of  Newark  College  of  Engineer¬ 
ing,  a  physicist  and  Mr.  E.  K.  Woods  of  the 
Intent  Agency. 

Among  the  Officers  initially  assigned  to  the  QCS 
were: 

Capt.  E.  W.  Johnson  Capt.  Charles  Miller 

Lt.  Les  Atlass  Lt.  Willie  Doxey 

The  task  of  this  group  was  to  organize  an  in¬ 
dustry,  determine  what  facilities  were  required  and 
to  make  them  available,  obtain  the  necessary  prior¬ 
ities  for  materials  and  equipment  and  to  expedite 
and  schedule  production.  Furthermore  it  had  to 
be  done  immediately.  Although  all  three  services 
had  small  groups  working  on  crystal  problems  which 
were  peculiar  to  their  particular  services,  the 
QCS  served  as  the  focal  point  for  the  quartz  crys¬ 
tal  program  in  the  U.S.  during  the  next  four  years. 

In  July  1992  the  QCS  was  moved  to  the  unfin¬ 
ished  Pentagon  Building  and  Dr.  K.  S.  Van  Dyke 
joined  the  group  as  Chief  Civilian.  His  knowledge 
of  the  basic  theory  of  piezoelectricity  added  a 
much  needed  dimension  to  the  staff  cf  the  QCS  which 
had  hitherto  been  made  up  largely  of  mineralogists 
and  geologists.  Early  in  1993  Virgil  E.  Bottom 
joined  the  group.  He  was  the  first  member  who  had 
actual  experience  in  the  manufacture  of  crystal 
units.  A  little  later  Dr.  Allyn  Swinnerton,  a  ge¬ 
ologist  and  Vice  President  of  Antioch  College, 
joined  the  group. 

Work  of  the  Quartz  Crystal  Section 

The  first  task  of  the  QCS  was  to  publicize  the 
need  for  quartz  crystal  units  in  order  to  attract 
potential  manufacturers.  This  was  done  so  suc¬ 
cessfully  that  many  letters  were  received  from  pa¬ 
triotic  citizens  offering  to  donate  the  crystal  sets 
which  had  reposed  in  their  attics  for  a  decade  or 
two.  However  the  information  did  reach  the  desir¬ 
ed  places  and  would-be-manufacturers  of  crystal 
units  whose  regular  activities  had  been  halted  by 
the  War  Production  Board  began  to  descend  upon  the 
QCS  asking  how  they  might  use  their  idle  facilities 
to  make  crystal  units.  This  group  which  Included 


machinists,  blacksmiths,  jewelry  makers,  and  ama¬ 
teur  radio  operators  turned  in  one  of  the  most  re¬ 
markable  records  in  the  annals  of  American  industry. 
In  less  than  three  years  Mr.  William  Halligan,  the 
President  of  the  Hallicrafters  Co.  was  able  to 
say:., 

"We  had  no  trained  personnel  to  make  crystals. 

We  had  no  equipment  with  which  to  make  crys¬ 
tals  and  out  of  this  has  been  created  what  to 

my  mind,  is  truly  a  miracle  of  American  incen¬ 
tive  and  industry." 

The  information  available  to  these  neophyte 
crystal  manufacturers  consisted  of  a  few  articles 
in  QCT,  an  article  or  two  in  the  Bell  System  Tech¬ 
nical  Journal  and  the  patents  which  had  been  is¬ 
sued.  A  little  later  the  Bell  Telephone  Labor¬ 
atories  came  to  the  rescue  with  a  collection  o' 
articles  written  by  such  authorities  as  W.  P.  Mason, 
Walter  L.  Bond,  Roger  Sykes,  I.  E.  Fair,  G.  W.  Wil¬ 
lard,  G.  M.  Thurston,  A.  R.  d'Heedne,  H.  G.  Weke 
and  R.  M.  C.  Greenidge.  These  papers  were  of  in¬ 
estimable  value  at  the  time  and  were  later  edited 
in  book  form  by  R.  A.  Heising  and  published  by  Van 
Nostrand  in  1996  under  the  title  QUARTZ  CRYSTALS 
FOR  ELECTRICAL  CIRCUITS.  These  materials  were 

made  available  to  the  new  manufacturers  who  digest¬ 
ed  them,  utilized  them  and,  in  many  cases,  made 
Improvements  upon  them. 

One  of  the  first  acts  of  the  QCS  was  to  expe¬ 
dite  the  development  of  X-ray  diffraction  equipment 
for  use  in  orienting  quartz  blanks.  This  became 
the  first  commercial  application  of  X-ray  diffrac¬ 
tion.  A  few  companies  had  adapted  old  dental 
X-ray  equipment  for  making  Laue  photographs  of 
quartz  blanks  but  the  process  was  slow  and  the 
results  scarcely  better  than  those  which  could  be 
obtained  with  polarized  light.  At  the  Western 
Electric  Co.  a  primitive  form  of  Bragg  diffraction 
equipment  was  in  use  by  Walter  L.  Bond  but  this  in¬ 
formation  had  not  reached  beyond  the  limits  of  the 
Bell  Telephone  Laboratories.  Contracts  for  the 
development  of  X-ray  equipment  were  placed  with 
the  General  Electric  Co.  and  with  the  North  Amer¬ 
ican  Phillips  Co.  under  the  surveillance  of  Dr. 
William  Parrish .  Both  companies  produced  equip¬ 
ment  in  such  numbers  that  most  of  the  crystal  com¬ 
panies  were  equipped  with  X-ray  machines  by  early 
1993.  Although  the  equipment  designed  and  built 
by  the  two  companies  differed  in  many  respects, 
both  were  so  well  designed  and  constructed  that 
many  of  the  original  machines  are  still  in  use 
almost  forty  years  later. 

Much  effort  of  the  QCS  went  into  expediting 
equipment,  supplies  and  materials  for  the  new  in¬ 
dustry.  Because  of  the  critical  nature  of  the  pro¬ 
gram  it  was  assigned  a  very  high  priority  which, 
along  with  the  authority  of  the  OCSIGO,  was  often 
invoked  to  obtain  critical  materials.  At  one  time 
a  certain  piece  of  equipment  was  almost  within  our 
grasp  when  it  was  snatched  away  by  an  outfit  called 
the  "Manhattan  Project"  which  had  a  higher  priority. 
Some  of  us  wondered  briefly  why  Manhattan  needed  a 
General  Radio  Primary  Frequency  Standard.  Two  of 
the  men  who  became  expert  in  working  with  the  War 
Production  Board  and  other  agencies  were  Tom  Parrott 
and  Wally  Richmond  and  many  crystal  manufacturers 
owed  their  daily  ration  of  quartz  to  the  efforts  of 
these  two  men. 
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Due  to  the  critical  nature  of  the  indue try  the 
decision  was  made  to  locate  the  production  facilit¬ 
ies,  away  from  the  East  Coast  which  was  within  enemy 
range  •  Accordingly  ntinufacturers  in  the  Central 
Region  of  the  country  were  encouraged  with  the  re¬ 
sult  that  Kansas  City  and  Chicago  became  manufac¬ 
turing  centers  for  the  quartz  crystal  Industry  and 
remained  so  for  years. 

In  May  1 942  the  GCG  organized  a  training  pro¬ 
gram  it,  Kansas  City  under  the  auspices  of  the  Univ¬ 
ersity  of  Kansas .  The  teacher  of  the  course  was 
John  Zelgler,  a  young  engineer,  who  had  learned 
something  about  crystal  .nits  while  working  at  RCA. 
The  course  was  taught  from  copies  of  patents  to  a 
class  of  about  JO  persons  including  Ernest  0.  Ruff 
and  Edward  Roper,  both  of  whom  are  still  active  in 
the  crystal  business. 

door,  thereafter  Zeigler  and  George  (Jack) 

MoCrew  organized  a  company  called  Crystal  Products 
Co.  Except  for  a  small  operation  called  Aerlon, 
owned  by  the  Aircraft  Accessories  Co.,  Crystal  Pro¬ 
ducts  was  the  first  crystal  company  in  the  Kansas 
City  Area.  All  of  the  other  factories  In  the  area 
sprang  from  the  company  organized  by  McGrew  and 
Zeigler. 

By  1943  about  130  manufacturers  were  engaged 
in  the  production  of  crystal  units.  Twenty  three 
of  these  were  in  the  Chicago  area,  20  in  the  New 
York  area,  15  in  the  Carlisle  area  and  14  in  the 
Kansas  City  area.  The  remainder  were  scattered 
over  20  states  from  Ortgon  to  Florida  and  Califor¬ 
nia  to  Massachusetts .  Che  supervision  of  so  many 
small  plants,  distributee  over  such  an  area  was  a 
major  problem  and  the  members  of  the  staff  oi  the 
>iC3  .  pent  much  time  on  \ ravel  duty  instructing  the 
new  manufacturers,  help:  ng  them  with  technical 
problems,  coorelatlng  test  equipment  and  settling 
arguments  between  them  and  the  Signal  Corps  Inspec¬ 
tors. 

The  Calvin  Mfg.  Co.  (Motorola’) 

The  task  of  coorlinatlng  the  activities  of  1 30 
companies  was  clearly  beyond  the  capability  of  the 
small  staff  of  the  qCC  in  Washington  and  so  the 
Galvin  Mfg.  Co.  (later  Motorola)  was  induced  to 
assist  ir.  the  program.  Galvir.  was  heavily  engaged 
ir.  the  production  of  personnel  radio  equipment  known 
a.;  the"ham lie-talkie"  and  "walkie-talkie"  sets,  all 
of  which  used  the  FT-243  crystal  unit.  Under  the 
liructlon  of  Mr.  Elmer  Wavering,  Galvin  Mfg.  Co. 
ir.lertook  the  Herculean  task  of  expediting  and 
.-.ched  i r,g  the  production  of  FT-243  units,  testing 
ur.  i  ussemblirg  them  into  kits  each  of  which  contain¬ 
ed  44,000  units  or,  4400  different  frequencies.  Mr. 
VifY.  Anton,  ar.  assistant  to  Mr.  Wavering,  prepared 
uni  distributed  a  Crystal  News  Gheet  which  supple¬ 
mented  the  grarevine  and  helped  contractors  to  keep 
abreast  of  r.ew  developments  and  information  re¬ 
lated  to  the  production  of  FT-243  units. 

One  important  contribution  of  the  Galvin  Mfg. 

Co.  war,  the  CES-1  Crystal  Test  Get.  The  Cl-meter 
had  rot  yet  been  Invented  and  standardization  of 
crystal  units  was  unknown.  it  was  necessary  to 
provide  each  manufacturer  with  a  test  set  consist¬ 
ing  of  a  mock-up  of  the  oscillator  circuit  of  every 
piece  of  radio  equipment.  These  test  sets  were 


known  as  "black  boxes"  from  the  color  and  shape  of 
the  cabinets  which  housed  them.  Each  "black  box" 
was  periodically  returned  to  the  Signal  Corps  Lab¬ 
oratory  at  Fort  Monmouth  for  recalibration.  The 
CES-1  consisted  of  a  Pierce  oscillator  circuit  in 
which  the  critical  parameters  were  variable.  It 
ould  therefore  be  adjusted  to  simulate  a  number 
of  different  radio  sets,  thereby  reducing  the 
need  for  so  many  "black  boxes".  The  CES-1  helped 
greatly  with  the  correlation  problem  but  did  no¬ 
thing  to  solve  the  standardization  problem  which 
awaited  the  invention  of  the  Cl-meter. 

Growth  of  the  Crystal  Industry 

Except  for  the  Western  Electric  Co.,  all  of 
the  crystal  unit  manufacturers  in  existence  before 
1940  were  very  small.  Bliley,  one  of  the  largest, 
had  fewer  than  15  employees.  Monito  Piezo  had 
about  the  same  number.  It  is  doubtful  If  more 
than  100  persons  were  engaged  in  the  production  of 
crystal  units  in  the  year  1939. 

During  the  period  1941-45  employment  at  Mon¬ 
itor  reached  over  E000  and  at  Bliley  over  1400. 
Scientific  Radio  Products  employed  over  750  and  a 
new  plant,  The  Reeves  Sound  Laboratories  in  New 
York  City  which  began  production  in  the  summer  of 
1942,  soon  employed  nearly  1000.  In  Chicago  the 
Ross  Mfg.  Co.,  headed  by  Ken  Ross  and  the  Beaumont 
Electric  Co.,  operated  by  the  Lieberman  brothers, 
(who  formerly  manufactured  lampshades)  each  employ¬ 
ed  over  500.  Many  smaller  companies  with  fewer 
than  100  employees  also  made  their  contributions. 
One  example  was  the  Good -All  Mfg.  Co.  of  Ogallala, 
Nebraska  which  employed  about  20  people. 

In  addition  to  the  firms  directly  engaged  in 
the  production  of  crystal  units,  many  many  others 
were  engaged  in  supporting  activities.  Diamond 
saw  blades,  abrasives,  plastic  holders,  stainless 
steel  electrodes,  beryllium  copper  springs,  neo¬ 
prene  gaskets,  nickle  plated  screws  and  many  other 
items  were  required  to  complete  the  assembly. 
Coordination  of  the  production  and  distribution  of 
these  items  was  done  by  the  War  Production  Board 
which  attempted  to  match  the  limited  supplies  to 
the  almost  unlimited  requirements. 

This  motley  assemblage  of  manufacturers,  com¬ 
ing  from  every  part  of  the  nation  and  from  almost 
every  type  of  activity  turned  in  a  most  remarkable 
production  record.  Between  1941  and  1945  they 
produced  an  estimated  30  million  crystal  units. 

The  FT-241  Program 

The  radio  equipment  used  by  the  armored  cav¬ 
alry  and  the  field  artillery  divisions  was  desig¬ 
nated  the  BC-608  series.  This  equipment  used 
frequency  modulation  and  operated  in  the  30-40  MHz 
range  of  frequencies.  The  crystal  unit  for  the 
set  was  the  FT-241 ,  developed  by  the  Bell  Telephone 
Laboratories  and  produced  by  the  Western  Electric 
Co.  Each  set  carried  a  complement  of  crystal  units 
ranging  in  number  from  72  to  120  thereby  requiring 
an  extremely  large  number  of  crystal  units. 

The  crystal  units,  which  operated  in  the  fre¬ 
quency  range  350-550  kHz  were  made  with  CT-cut 
quartz  plates.  They  were  made  at  the  Hawthorne 
Plant  of  the  Western  Electric  Co.  in  Chicago 
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where  more  than  10  millioi.  such  ut.it:,  were  produced 
betweer.  1941  arid  1949.  The  product ior.  of  this 
plant  was  reported  to  be  one  million  units  per 
month  when  it  was  shut  down  in  the  summer  of  1 94',. 

A  complete  account  of  the  development  of  the  F.  -2u1 
unit  is  given  by  W.  F .  Drew  and  A.  K.  .'.wiekare  in 
Meising,  Chapter  XVI  . 

Although  the  Hawthorne  plant-  war.  it.  a  secure 
location  militarily,  it  was  early  recognized  that, 
at  least  one  more  source  for  these  ur.it.;  should  be 
available.  The  technology  involved  in  making  tin* 
FT -241  was  clearly  beyond  the  capability  of  most 
of  the  small  plants  which  were  successfully  making 
the  FT -<143  arid  Cft-1  typer..  Accordingly  a  con¬ 
tract  was  awarded  to  the  Federal  Telephone  and 
Telegraph  Co.  of  Newark,  a  subsidiary  of  ITT,  to 
set  up  a  second  source  for  the  FT -24!  unit.  How¬ 
ever,  despite  the  expenditure  of  a  large  sum  of 
money  ar.d  much  precious  quartz  and  with  the  ex¬ 
perience  of  the  Western  Electric  Co.  available, 
the  war  ended  before  any  units  of  the  FT-241 
type  were  produced  outside  the  Hawthorne  plant 
i n  Ch i cago , 

The  quartz  shortage 

One  of  the  most  critical  problems  faced  by 
the  «iCJ  was  the  shortage  of  raw  quartz.  Although 
quartz  is  found  in  a  few  other  places  including 
the  '.’r.ite.i  Jtates,  practically  the  only  source  of 
natural  quartz  of  electronic  grade  is  Brazil.  At 
the  beginning  of  1939  the  United  Ctates  had  a 
stockpile  of  about  10,000  pounds  of  quartz  suit¬ 
able  for  processi ng  into  crystal  units.  During 
1939  about  30 , 300  kg  (6? ,000  pounds)  of  quartz 
was  imported  from  Brazil.  The  amount  imported 
ir.  1940  was  57,500  kg.  Approximately  10*  of  this 
quarts  was  considered  to  be  of  electronic  grade. 

2r.  hi  chard  ..toiber  was  assigned  the  problem  of 
expediting  the  supply  of  quartz. 

Before  the  end  of  1942  the  supply  of  faced 
quartz  which  could  be  processed  without  the  use 
of  X-rays  was  r.early  exhausted  and  the  industry 
was  forced  to  begin  to  learn  to  process  unfaced 
quartz  of  which  a  considerable  quantity  was  still 
available.  Various  techniques  and  devices  were 
developed  to  enable  manufacturers  to  use  this 
material.  These  are  adequately  described  by  G. 

W.  Willard  ir.  Heising,  Chap.  TV. 

By  the  er.d  of  1942  X-ray  diffraction  equip¬ 
ment  began  to  become  available  to  the  manufac¬ 
turers  enabling  them  to  effectively  utilize  un¬ 
faced  quartz  crystals.  This  relieved  the  short¬ 
age  somewhat  but  the  supply  was  still  inadequate 
and  steps  were  considered  to  increase  the  supply. 
The  quartz  mining  regions  of  Brazil  are  not  ir.  the 
"hot,  steamy  jungles"  but  rather  !  r.  the  highlands 
ir  the  central  states  of  Minas  Gerais  arid  Golas 
near  the  capital  city  of  Brasilia  ,  which,  of 
course,  did  not  exist  at  that  time) .  The  mining 
of  quartz  was  not  then,  nor  is  it  now,  an  organ¬ 
ized  activity.  The  'garimpeiro1  (diamond  hunter 
would  dig  or  hunt  until  he  found  a  crystal  which 
ne  could  trade  to  ^  local  me  reliant  for  supplies. 

The  merchant,  ir.  •-  .in,  exchanged  it  for  goods  and 
eventually  the  stone  reached  Rio  de  Jan loro  where 
it  wa  ;  firially  sold  to  the  purchasing  agent  of  the 
Metals  Reserve  Gorp.  or  some  other  purchaser. 


This;  ad  hoc  system  was  incapable  of  meeting  the 
reed;;  of  the  growl rg  crystal  Indus. try  and  the 
quartz  shortage  continued  to  become  more  acute. 

As  a r.  example,  or.  Faster  .Gun<iay  1942  ar.  executive 
order  was.  obtained  from  the  White  House  releasing 
200  pounds  of  quartz  which  was  needed  for  a  special 
order  for  crystal  unit:;. 

Various,  steps  were  considered  for  alleviating 
Uie  shortage  which  was  partly  due  to  inadequate 
grauirg  facilities,  ir,  Rio.  Consequently  inspection 
teams  were  trained  and  sent  to  Brazil  to  inspect 
the  quartz  prior  to  shipment.  Kventually  several 
thousands  of  pounds  of  quartz  were  loaded  or.  a 
ship  bound  for  the  Port  of  Newark.  The  ship  vis 
hardly  out  of  the  harbor  before  it  was  sunk  by  a 
German  submarine.  After  that  incident  all  quartz 
was  flown  to  the  United  Ctates  ir  X-3  cargo  planes 
at  a  cost  of  $2,00/pd.  (1941  dollars). 

In  an  effort  to  encourage  the  mining  of 
quartz  the  purchasing  agents  in  Brazil  were  author¬ 
ized  to  double  the  price  of  quartz.  However  the 
authors  of  this  strategy  had  failed  to  take  into 
account  the  economic  system  of  the  'garimpeiro'  who 
was  not  interested  in  building  up  a  savings  account 
and  who  only  dug  or  hunted  quartz  when  he  needed 
to  replenish  his  supplies  of  rice,  beans  ar.d  pinga. 
Consequently  the  remit  of  the  program  was  less, 
not  more,  quartz  and  the  program  was  abandoned. 

It  was  then  proposed  that  mining  machinery 
be  sent  to  Brazil.  Accordingly  a  cargo  snip  was 
loaded  with  bulldozers  and  other  earth  movirig 
equipment  and  dispatched  to  Rio.  It  was  sunk  en- 
route.  Ar.other  ship  was  loaded  with  similar 
equipment.  It  arrived  safely  but  most  of  the 
machinery  never  reached  the  mining  areas  because 
of  lack  of  roads  and  that  which  did  reach  the 
quartz  mining  area  proved  unsuitable  because  of 
lack  of  fuel  and  because  the  nature  of  the  oper¬ 
ation  made  mechanical  mining  impractical. 

At  this  time  it  was  considered  uneconomical 
to  process  stones  below  about  200  grams  in  size. 

Ore  day  in  19^3  Mr.  Morris  Hanauer,  owner  of 
American  Gem  and  Pearl  Co.,  a  quartz  importer, 
war  trying  to  convince  Lou  Patla  of  DX  Crystal 
Co.  that  he  should  use  these  small  stones.  "Lou", 
he  said,  "God  made  lots  of  small  crystals  but 
very  few  large  ones.  So  why  don't  you  go  along 
with  God  and  use  the  small  ones  Soon  ways 
were  found  to  process  the  small  stones  with  sat¬ 
isfactory  results.  This  information  spread 
quickly  throughout  the  industry  and  for  a  time 
alleviated  the  quartz  shortage. 

Nevertheless,  through  the  entire  war  period 
the  quartz  crystal  industry  lived  on  a  hand  to 
mouth  basis  and  the  shortage  problem  was  event¬ 
ually  met,  not  so  much  by  increasing  the  supply 
as  by  conservation.  The  yields  were  Increased 
by  making  the  blanks  smaller  and  stones  formerly 
considered  unuseable  were  processed.  Production 
records,  were  maintained  and  with  one  or  two  nota- 
ble  except lor.s. ,  quartz  was  allocated  only  to  the 
producers  who  could  show  that  they  were  alle  to 
utilize  It  efficiently. 

The  lesson  learned  from  the  shortage  of  a 
critical  raw  material  for  which  we  were  totally 
dependent  on  an  offshore  supply  was-  not  wasted. 
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Kf forts  were  made  to  find  a  substitute  for  quartz. 
These  were  unsuccessful  but  at  the  end  of  the  war 
it  was  learned  that  Germany,  faced  with  a  similar 
quartz  shortage,  had  made  some  progress  toward  mak¬ 
ing  man-made  quartz.  Consequently  a  major  effort 
was  mounted  to  make  cultured  quartz  with  such 
success  that  we  are  now  almost  completely  indepen¬ 
dent  of  the  natural  material. 

The  Ageing  Problem 

By  the  middle  of  1943  the  task  of  netting  up 
an  industry  wan  complete  and  crystal  units  were 
beirg  produced  in  r. umbers  adequate  to  meet  the  de¬ 
mand.  It  was  then  that  the  second,  and  even  more 
serious  crisis  cor. fronted  the  crystal  program 
reports  began  to  filtei  It.  of  extensive  crystal 
failure:'*  both  it.  service  and  in  depot  storage, 
fiie  first  respot. sen  to  these  reports  ranged  between 
it.differet  re  and  disbelief.  However  the  reports  be¬ 
came  more  persistent  and  the  .iignal  Corps  Engi¬ 
neering  laboratories  ( CCEL )  at  Fort  Monmouth  were 
requested  tc  investigate  the  situation.  The 
i  rogress  was  -.low  because  the  problem  was  treated 
i.  at,  academic  question  rather  than  a  matter  of  the 
utmost  urgency.  late  it:  194 3  a  telegram  was  re¬ 
vived  at  'CSIGO  which  charged  the  situation.  It 
read  as  follows: 

COMMUNICATION!!  EIGHTH  Aik  FORCE  BASED 

IN  BRITAIN  BROKEN  DOtfN  LACK  OF  CRYSTALS 

Fin:,  oaii.  t;  tire  same  kakeh 

Reception  of  this  communique  caused  a  flurry  of 
activity  at  both  the  qCC  and  at  SCEL.  A  test 
facility  euphemistically  ramed  "The  Swamp"  was 
constructed  at  Camp  Coles  Signal  laboratory.  It 
subjected  crystal  units  to  temperatures  of  100  F° 
ir.  an  ambient  relative  humidity  of  100  %  sim- 
.lating  the  conditions  reported  from  the  Burma 
theatre .  The  tests  quickly  confirmed  the  field 

reports.  All  crystal  units  failed  within  a  few 

lays  or  at  most  a  week  or  two.  Some  of  the  fail¬ 
ures  were  due  to  the  phenomenon  of  corrosion  fa¬ 
tigue  in  which  the  ammonia  released  by  the  phenol¬ 
ic  holders  attacked  the  brass  connectors  at  points 
of  stress  causing  them  to  break.  This  problem 
was  corrected  by  eliminating  brass  from  the  assem¬ 
bly.  A  much  more  serious  problem  was  the  ageing 
syndr  me  characterized  by  loss  of  activity  and  in¬ 
creased  frequency.  Many  theories  were  advanced 
to  explain  the  phenomenon  and  these  had  to  be 
checked  out  experimentally.  Meanwhile  the  manu¬ 
facturers  were  producing  crystal  units  at  the  rate 
of  a  million  per  month)  nearly  all  of  which  were 
iestined  to  be  useless. 

Before  the  end  of  1943  it  had  become  apparent 
that  the  most  Important  factor  in  the  ageing  pio- 
cess  was  the  surface  of  the  quartz  which  was  dam¬ 
aged  lr.  the  prrcess  of  lapping  to  frequency. 
Particles  of  quartz,  partially  loosened  by  abra¬ 
sion,  were  further  loosened  by  the  effects  of  water 
vapor,  eventually  breaking  away  completely.  The 
presence  of  these  loose  fragments  on  the  surface 
of  the  blank  reduced  the  activity  by  damping  and 
their  loss  caused  an  increase  in  frequency  be¬ 
cause  of  the  reduction  of  mass . 

The  problem  of  ageing  was  especially  severe 
In  the  CR-1  unit  used  by  the  Air  Force  because 
these  units  operated  at  higher  frequencies 


and  required  closer  tolerances.  As  a  temporary 
measure  orders  were  issued  by  Wright  Field  that 
all  quartz  plates  must  be  able  to  withstand  the 
test  of  scrubbing  with  soap  and  water  and  a  tooth¬ 
brush.  Soon  each  Signal  Corps  Inspector  and  each 
crystal  finisher  was  equipped  with  a  toothbrush 
and  a  dish  of  soapy  water.  The  directive  was  a 
boon  to  the  toothbrush  industry  but  contributed 
little  to  the  solution  of  the  ageing  problem. 

By  the  end  of  1943  it  had  been  shown  that 
quartz  blanks  which  had  been  etched  to  frequency 
exhibited  very  small  changes  of  frequency  and  ac¬ 
tivity  even  when  subjected  to  tropical  conditions. 
However  considerable  opposition  existed  to  the 
idea  of  etching  and  much  valuable  time  was  lost 
in  investigating  other  approaches  before  the  de¬ 
cision  was  made  to  require  etching.  This  was 
due  to  a  reluctance  to  specify  a  manufacturing 
process  which  might  require  rewriting  of  the 
specifications  and  renegotiating  of  contracts  and 
to  a  wise  policy  of  specifying  test  results  Instead 
of  manufacturing  procedures.  Yet  it  was  imposs¬ 
ible  to  depend  upon  Inspection  procedures  to  In¬ 
sure  that  crystal  units  would  remain  useable  and 
a  vast  amount  of  work  had  failed  to  reveal  any 
other  manufacturing  procedure  which  would  do  so. 

Consequently  a  Conference  of  all  Crystal 
Manufacturers  was  called  on  July  11-12,  1944  in 
the  old  Stevens  Hotel  in  Chicago.  The  problem 
was  explained  in  detail  and  the  proposed  remedy 
was  presented.  There  was  no  time  to  rewrite  the 
specifications  or  to  renegotiate  contracts  so  the 
manufacturers  were  asked  to  convert  their  product¬ 
ion  processes  from  hand  lapping  to  etching.  It 
was  expected  that  units  made  by  the  etching  pro¬ 
cess  might  be  more  expensive.  Again  the  indus¬ 
try  rose  to  meet  a  challenge.  The  manufacturers 
went  back  to  their  plants  and  converted  to  the 
new  process  with  such  success  that  they  produced 
satisfactory  units  at  a  lower  cost.  As  one  ex¬ 
ample,  Ken  Ross,  who  had  converted  his  coil  wind¬ 
ing  plant  in  Chicago  to  a  facility  for  making 
FT -243  crystal  units,  designed  and  built  a  con¬ 
tinuous  etching  system  which,  with  four  operators, 
turned  out  as  many  finished  crystal  units  as 
20  operators  finishing  by  hand  lapping.  The 
Ross  system  was  soon  widely  copied  throughout 
the  industry. 

Ironically,  the  ageing  problem  might  have  been 
avoided  had  better  communication  existed.  The 
phenomenon  of  ageing  had  been  noted  as  early  as 
October  1W)  at  RCA.  The  work  of  H.  E.  LeRoy  and 
V.  E.  Trouant  led  to  a  Company  Confidential  memo¬ 
randum  dated  April  14,  1941  in  which  they  saidt 

"Etching...  reduced  the  number  of  failures'.’ 
and  that  "Etching  will  be  Incorporated  in 
the  processing  as  soon  as  details  can  be 
worked  out  and  operators  trained’.’ 
Unfortunately  this  work  was  unknown  outside  the 
RCA  Laboratories  until  after  the  war  and  even 
there  it  does  not  appear  to  have  been  exploited. 

To  provide  crystal  units  for  special  purposes 
in  the  field,  twelve  three-man  crystal  grinding 
teams  were  given  a  three  months  crash  course  in 
finishing  crystal  units.  They  were  trained  by 
Dr.  D.  G.  McAA,  a  retired  physician,  at  Camp  Coles 
Signal  laboratory.  These  teams  were  provided 
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with  the  necessary  equipment  and  supplies  and 
shipped  to  various  theatres  of  the  war.  Upon 
arrival  they  found  that  many  of  the  crystal  units 
in  depot  stocks  were  useless  and  much  of  their 
time  was  spent  in  opening,  cleaning  and  grinding 
thousands  of  crystal  units  to  new  frequencies. 

Mr.  H.  J.  Benedikter,  who  is  today  associated 
with  the  General  Electric  Crystal  Manufacturing 
Facility,  was  a  member  of  one  of  the  original 
crystal  grinding  teams. 

At  home  teams  of  GI's  and  civilians  were 
trained  to  examine  depot  stocks  of  crystal  units 
and  to  select  out  useable  units  which  were  often 
flown  immediately  to  a  war  theatre.  later  some 
attempts  were  made  to  salvage  the  defective  units 
and  at  least  one  company,  The  Hudson  American  Co., 
was  commissioned  to  do  so.  However  most  of  the 
units  were  enclosed  in  phenolic  plastic  holders 
and  many  others  contained  brass  contacts,  both 
of  which  were  considered  unsatisfactory,  leaving 
little  besides  the  quartz  blank  to  be  salvaged, 

It  soon  proved  to  be  uneconomical  to  salvage  the 
units  and  ultimately  millions  of  the  unetched 
units  were  destroyed. 

It  may  be  worthwhile  to  examine  the  age¬ 
ing  episode!  not  to  assess  blame  or  responsibil¬ 
ity  but  to  see  if,  by  doing  so,  we  might  avoid  a 
similar  debacle  in  the  future.  It  appears  that 
the  ageing  problem  resulted  from  three  basic  mis¬ 
takes!  each  understandable  and  perhaps  forgiv¬ 
able.  The  first  was  to  depend  so  heavily  on  an 
immature  technology,  the  second  was  to  disperse  an 
industry  so  widely  that  it  could  not  be  properly 
supervised,  and  the  third  was  failure  to  follow  up 
with  an  adequate  reliability  test  program.  The 
recall  programs  of  the  United  States  automobile 
industry  indicates  that  some  of  these  lessons 
may  not  even  yet  have  been  learned. 

Post  War  History  of  the  Industry 

It  is  difficult,  if  not  impossible,  to  trace 
the  histories  of  all  of  the  firms  which  have  been 
engaged  in  the  business  of  manufacturing  quartz 
crystal  units.  Only  a  few  firms,  notably  Bliley, 
Monitor  and  Valpey  still  operate  under  their 
original  (or  similar)  names  and  can  show  continu¬ 
ity  of  management.  Most  of  the  companies  have 
either  disappeared  or  have  changed  names  and  lo¬ 
cations  so  many  times  that  to  trace  their  records 
is  virtually  impossible.  It  may  be  of  some  in¬ 
terest  to  trace  the  history  of  one  company!  not¬ 
ing  that  it  is  typical  of  the  industry. 

When  Grover  Hunt  discovered  that  people  were 
willing  to  pay  for  crystal  units  he  formed  a  part¬ 
nership  with  Llnwood  Gagne  and  they  began  to  make 
crystal  units  in  a  small  building  adjacent  to 
Gagne's  home  in  Carlisle.  In  1935  they  formed 
Standard  Piezo  Co.,  the  first  crystal  company  in 
the  Carlisle  area.  One  of  their  employees  was 
Wally  Samuelson.  In  1940  Hunt  left  to  form  his 
own  company,  the  Hunt  Corp.  which  is  today  Erie 
Frequency  Control.  At  the  end  of  the  war  Gagne 
sold  Standard  Piezo  to  a  group  of  local  business 
people  headed  by  John  Fowler,  later  it  was  sold 
to  Brown  Oil  Co.  and  Luther  McCoy  was  made  Sales 
Manager.  In  1952  McCoy  left  to  form  his  own 
company  and  Standard  Piezo  was  sold  to  the  Hupp 


Corp.  which,  in  turn,  sold  it  in  1958  to  Herman 
Schall  and  Wally  Samuelson  who  renamed  it  Piezo 
Crystal  Co.  In  1963  Schall  and  Samuelson  sold  out 
to  the  Renwell  Corp.  who  sold  it  to  the  Sunshine 
Mining  Co.  The  plant  was  subsequently  sold  to 
a  holding  company,  Anchor  Operating,  Inc.,  which 
operates  it  today  under  the  direction  of  Charles 
Jansik. 

It  is  interesting  to  note  that  the  1980  edit¬ 
ion  of  the  QUARTZ  CRYSTAL  INDUSTRY  GUIDE  AND  DI¬ 
RECTORY  states  that  Piezo  Crystal  Company  was 
established  in  1938.  In  a  sense  this  is  true, 
but  it  is  in  the  same  sense  that  an  antique  axe 
which  has  had  several  new  handles  and  a  few  new 
heads  is  still  the  same  axe. 

A  list  of  manufacturers  of  quartz  crystal 
units  dated  1  May  1945  includes  the  names  of  some 
130  companies.  One  year  later  the  number  had 
dropped  to  fewer  than  half  this  number.  After 
revival  of  the  industry  during  the  Korean  War 
approximately  50  companies  were  engaged  in  the 
business  of  making  crystal  units.  The  number 
deceased  again  when  the  Korean  War  ended  but  has 
increased  again  in  recent  years. 

Today  the  industry  includes  between  50  and 
60  companies  employing  about  65OO  people.  It  is 
impossible  to  say  how  many  are  engaged  solely  in 
the  manufacture  of  crystal  units  since  many  of 
the  companies  also  produce  items  such  as  crystal 
filters,  TCXO’s  and  VCXO's  and  in  addition  some 
of  them  produce  only  blanks  while  others  only 
finish  blanks. 

The  typical  company,  if  it  existed,  would 
have  about  100  employees  including  two  engineers 
but  the  size  of  the  companies  varies  by  two  orders 
of  magnitude.  The  largest  companies,  CTS-Knights 
and  Piezo  Technology  employ  580  and  515,  respec¬ 
tively.  The  two  smallest,  American  Crystal  Co. 
and  Defco  employ  6  and  3  persons,  respectively. 
Several  companies  have  fewer  than  10  employees. 

The  foregoing  figures  do  not  include  the  firms 
which  support  the  crystal  industry.  These  are 
more  numerous  than  the  actual  crystal  manufacturers 
and  employ  more  people.  Among  the  products  sup¬ 
plied  by  these  firms  are  cultured  quartz,  holders 
and  bases,  abrasives,  chemicals,  silver  and  gold, 
electronic  Instruments  and  machine  tools,  and 
supplies  in  an  almost  endless  variety. 

Problems  of  the  Crystal  Industry 

The  wartime  expansion  of  the  crystal  industry 
came  to  an  abrupt  halt  with  the  end  of  the  war. 
Contracts  were  cancelled,  plants  were  converted 
back  to  civilian  production  and  equipment  was  dis¬ 
persed  .  The  number  of  producers  dropped  from  1 30 
to  below  50  in  a  few  months.  When  the  Korean 
War  came  in  1950,  bringing  with  it  a  new  require¬ 
ment  for  crystal  units  it  was  necessary  to  subsid¬ 
ize  the  companies  to  obtain  the  crystal  units 
needed  by  the  Armed  Services. 

For  its  entire  forty  years  the  quartz  crystal 
Industry  has  been  plagued  by  the  feast/ famine  cycle. 
In  times  of  military  rearmament  the  demand  has 
escalated  only  to  be  followed  by  abrupt  deescala¬ 
tion  when  the  crisis  was  over.  Until  only  recently 
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the  civilian  requirements  for  quartz  crystal  units 
have  been  small  compared  with  military  requirements 
in  times  of  crisis  making  continuous  production  im¬ 
possible. 

One  problem  in  the  quartz  crystal  business 
has  been  lack  of  research  and  development.  It  is 
true  that  in  the  decade  following  Kl(  II  the  Armed 
Services  did  support  an  R  &  D  program  which  yielded 
some  useful  results.  A  notable  example  is  the 
program  which  led  to  the  development  of  a  cultured 
quartz  industry.  But  for  the  most  part  the  re¬ 
sults  have  not  been  effectively  utilized;  partly 
iue  uo  the  fluid  nature  of  the  industry.  Outside 
a  few  large  companies,  notably  the  Hewlett  Packard 
Corp.,  very  little  work  in  quartz  crystal  technol¬ 
ogy  has  been  supported  with  industrial  funds. 

The  field  of  piezolectricity  has  always  been, 
and  continues  to  be  ignored  by  the  Schools  of  Elec¬ 
trical  Engineering.  Quartz  crystal  technology  has 
been  treated  as  an  art ,  or  even  worse ,  as  black 
magic.  With  the  exception  of  the  students  who 
have  received  formal  training  at  Northern  Illinois 
University  under  Dr.  W.  E.  Newell  and  at  Colorado 
State  University  and  McMurry  College  under  Dr. 
Virgil  E.  Bottom,  most  of  the  people  in  the  indus¬ 
try  have  learned  from  one  another  going  back  to  the 
handful  of  men  who  started  the  industry  who  had, 
themselves,  learned  in  the  School  of  Experience. 

Academic  neglect  of  the  field  is  also  shown 
by  the  dearth  of  literature  available  to  the  new¬ 
comer.  The  classic  work  of  Cady,  the  books  of 
W.  P.  Mason  and  the  compilation  of  19^2  papers  by 
Heising  include  practically  everthing  which  has 
been  published  in  this  country.  The  book  pub¬ 
lishers  naturally  have  been  reluctant  to  make  th< 
necessary  expenditures  to  publish  books  for  a  non¬ 
existent  clientele. 

The  industry  has  had  its  share  of  "get  rich 
quick"  entrepreneurs  who  jumped  at  the  opportunity 
to  make  a  quick  profit  during  times  of  emergency 
but  these  have  been  a  very  small  minority.  Most 
of  the  men  who  entered  the  crystal  industry,  par¬ 
ticularly  during  the  war,  were  motivated  by  the 
challenge  of  a  difficult  job  and  by  the  desire  to 
make  a  patriotic  contribution  as  much  as  by  the 
profit  motive.  Many  continued  in  the  business  as 
long  as  they  were  financially  able  to  do  so;  often 
bidding  on  production  contracts  at  prices  below 
the  cost  of  production  in  order  to  hang  on  a  little 
bit  longer.  They  have  done  so  at  great  finan¬ 
cial  sacrifice  to  themselves  and  to  the  detriment 
of  the  industry. 

The  industry  has  always  been  too  small  to  be 
of  interest  to  Wall  Street  and  the  large  corpor¬ 
ations  and  technically  too  difficult  for  the  small 
entrepreneur  without  adequate  financial  backing 
and  scientific  capability.  In  those  instances 
where  large  corporations  have  taken  over  small 
crystal  companies  the  results  have  been  almost 
uniformly  disastrous.  Generally  speaking,  the 
management  of  the  large  companies  have  attempted 
to  apply  the  same  production  management  techniques 
which  work  successfully  in  the  production  of  most 
standard  components;  failing  to  recognize  the  great 
complexity  of  the  apparently  simple  crystal  unit. 
When  they  have  found  out,  they  have  been  unable 
or  unwilling  to  make  the  capital  investments  needed 


to  put  the  production  of  crystal  units  on  a  firm 
financial  and  technical  basis. 

The  crystal  industry  has  experienced  four 
bursts  of  activity  during  the  past  decade.  These 
involved  crystal  units  for  color  television  sets, 
citizen  band  radio,  watches  and  clocks,  and  lastly 
microprocessors.  Each  of  these  products  has 
resulted  in  a  temporary  expansion  of  the  Industry 
followed  by  a  collapse  when  prices  fell  below  the 
cost  of  production  in  the  United  States.  In  order 
to  compete  successfully  for  these  mass  markets 
it  appears  that  the  crystal  industry  needs  more 
capital  and  more  trained  people.  Unfortunately 
both  seem  to  be  in  short  supply . 

Consequently  the  quartz  crystal  industry  which 
produces  the  device  that  W.  P.  Mason  has  called 
“The  cornerstone  of  the  communication  art",  has 
remained,  like  the  North  American  Indian,  a  ward 
of  the  government,  dependent  upon  it  for  finan¬ 
cial  and  technical  support,  and  struggling  to  stay 
alive  to  be  in  position  to  meet  the  challenge  of 
the  next  military  crisis. 
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The  author  wishes  to  thank  each  of  the  per¬ 
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ABSTRACT 


Advances  in  surface-acoustic-wave,  and  other  ana¬ 
log  technologies  occurring  over  the  last  decade 
have  yielded  a  variety  of  components  which  pro¬ 
vide  efficient  means  for  processing  wide-bandwidth 
siqnals.  For  example,  SAW  devices  are  becoming 
widely  used  in  connections,  radar,  and  signal- 
analysis  equipment.  At  the  same  time,  advances 
in  diqital  technology  continue  at  an  impressive 
rate  and  now  almost  every  electronic  system  has 
a  mix  of  analog  and  digital  components.  Both 
diaital  and  SAW-based  techniques  exist  for  per¬ 
forming  critial  si gna I -processing  functions  such 
as  fixed  and  programmable  matched  filtering  and 
Fourier  transformation .  This  talk  reviews  the 


operation  of  wide-bandwidth  SAW  signal  processors 
including  pulse  compressor,  convolvers  and  chirp- 
transform  units.  The  critial  issue  of  processing 
flexibility,  of  analog/digital  interfaces,  and  of 
matching  the  bandwidth  and  coherence  time  of  SAW 
devices  to  incoming  signals  are  addressed.  A 
comparison  of  digital  and  SAW  signal  processors 
is  made  by  analyzing  the  required  size  and  com¬ 
putation  rate  of  hypothetical  digital  systems 
which  might  potentially  replace  SAW  devices.  It 
becomes  clear  that  for  many  types  of  wide-bandwidth 
signal  processing  functions,  SAW  devices  will 
provide  significant  advantages  for  the  foreseeable 
future. 


% 


13 


nr’ 


;,\\isk  ./*****■ 


Proc.  35th  Ann,  Freq.  Control  Symposium,  USAFRADCOM,  Ft.  Monmouth,  NJ  07703.  May  1981 

NONLINEAR  PROPERTIES  OF  QUARTZ  CRYSTAL  AND  QUARTZ  RESONATORS  :  A  REVIEW 


J.J.  Gagne pa in 


Luboratoire  tie  Physique  et  Metrologie  dr-s  Oscillateurs  du  C.N.R.S. 
assoc ie  a  1 'University  de  Franche-Comte-Besangon 
V,  ;iV(»nup  de  I  * observatoi re  -  <>‘>000  Besangon  -  France 


.  ommury 

:‘h»-  n*  ■!.  I  )  ri»‘.'tr  L^h.ivjur  <(  quart/  >ryst;ij  is 
.it  th»*  origin  -■('  il-’ioc.t  all  th<-  frequency  iristahi- 
< < i  rvfviri.iton;  arid  oscillators.  Intrinsic 
and  liv.iiii  fil  non  1  i  near  i  l  ies  can  Be  distinguished, 
and  hath  art1  the  saw*  order  of  magnitude.  The 
ip  »n  1  i  near  1 1  ies  lead  to  two  different,  'lasses  of 
phenomena,  which  .  urrespond  to  the  propagation  of 
a  finite  amplitude  wave  m  a  nonlinear  medium  or 
to  the  propagation  of  a  small  amplitude  wave  in  a 
nonlinear  strained  medium. 

Harmonic  generation,  amp 1 i tude- frequency 
effect,  i ntermodulat ion  are  related  phenomena  of 
the  first  type.  They  depend  on  the  crystal  aniso¬ 
tropy  and  geometry,  and  on  the  wave  structure. 

The  sensitivities  to  external  or  internal 
perturbations  are  a  consequence  of  the  nonlinear 
coupling  between  the  high  frequency  wave  and  the 
quasi  static  deformation  induced  by  the  perturba¬ 
tion.  Temperature,  force,  pressure,  acceleration, 
electric  field  sensitivities  are  studied  for  ap¬ 
plications  to  high  stability  oscillators  and  to 
sensors . 

A  second  approach  for  describing  the  vibra¬ 
tions  of  a  crystal  consists  in  using  the  concept 
of  lattice  waves  and  phonons.  Such  a  microscopic 
model  enables  to  describe  by  means  of  phonon  inter¬ 
art  ions,  due  to  the  crystal  anharmon i r i t ies ,  pheno¬ 
mena  like  finite  thermal  conductivity,  thermal 
expansion,  acoustic  attenuation,  velocity  varia¬ 
tion,  i  ri  a  unitary  description. 

I  n  trod  vie  t  i  on 

Acoustic  waves  do  follow  nonlinear  propaga¬ 
tion  laws  as  soon  as  their  amplitude  is  finite  or 
the  propagation  medium  not  isolated  from  the  envi¬ 
ronment.  Therefore  they  cannot  entirely  be  descri¬ 
bed  by  the  mean  values  of  their  characteristics  as 
given  by  the  linear  laws.  Because  of  the  important 
progresses  achieved  in  the  field  of  resonators, 
oscillators,  and  frequency  control  during  the  two 
last  decades,  a  linear  description  was  not  suffi¬ 
cient,,  and  it  became  necessary  to  take  into  ac¬ 
count.  the  nonlinear  behavior  of  the  acoustic  waves 
for  reducing  their  instabilities  or  sensitivities 
to  perturbations.  Almost  all  the  variations  of  the 
characteristics  of  the  waves  have  their  origin  in 


the  nonlinearities,  and  one  almost  could  say  that 
i  perfectly  linear  device  would  be  perfectly  sta¬ 
ble.  Nonl ineari ties  generally  are  described  by 
macroscopic  models.  In  this  case  intrinsic  and 
induced  non  1  inear i t ies  can  be  distinguished.  The 
first  ones  are  peculiar  to  each  medium  and  are 
represented  by  elastic,  piezoelectric,  dielectric, 
etc...,  constants  of  higher  orders.  However,  even 
in  a  perfect  crystal  which  would  not  exhibit  any 
higher  order  constants,  the  propagation  of  the 
wave  itself  deforms  the  medium,  and  therefore  modi¬ 
fies  the  conditions  of  the  propagation  ;  this  cor¬ 
responds  to  induced  nonlinearities,  which  are  of 
the  same  order  of  magnitude  as  the  previous  ones. 
All  these  nonl ineari t ies  are  at  the  origin  of  har¬ 
monic  generation  and  related  phenomenon  such  as 
amplitude-frequency  effect  and  intermodulation. 

The  nonlinearities  also  are  responsible  of  cou¬ 
plings  between  the  ultrasonic  wave  and  external  or 
internal  quasistatic  perturbations.  This  second 
class  of  phenomena  corresponds  to  the  sensitivi¬ 
ties  of  the  acoustic  devices  to  temperature,  force 
and  pressure,  acceleration ,  vibrations,  fields, 
diffusion  processes ,  etc... 

The  microscopic  theory  of  the  vibrations  of 
a  crystal  lattice  leads  to  the  concept  of  phonons. 
In  the  harmonic  approximation  the  lattice  waves 
are  independant,  and  the  energy  of  each  given  mode 
is  constant  ;  there  is  no  sharing  between  the  dif¬ 
ferent  modes.  This  representation  enables  to  intro¬ 
duce  the  notion  of  specific  heat,  but  a  more  rea¬ 
listic  approach  must  go  beyond  the  harmonic  ap¬ 
proximation  and  take  into  account  anharmonic i ties . 
As  a  consequence  of  anharmonicities  are  interac¬ 
tions  between  phonons,  which  give  to  the  crystal 
the  properties  of  thermal  expansion,  finite  heat 
conductivity,  acoustic  attenuation,  acoustic  velo¬ 
city  shifts. 

In  anisotropic  media  the  intensities  of  the 
nonlinear  phenomena  depend  on  the  crystal  orienta¬ 
tion  and  on  the  wave  propagation  direction.  Parti¬ 
cular  conf igura ti ons  can  be  found  either  with  mini¬ 
mized  nonlinearities  for  resonator,  oscillator  and 
filter  applications,  or  at  the  opposite  with  maxi¬ 
mized  nonlinearities  for  devices  used  in  signal 
processing.  Acoustic  waves  also  are  attractive 
for  sensor  applications  when  they  can  be  made  se¬ 
lectively  sensitive  to  a  particular  physical  quan- 
t  i  ty . 
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Propagation  of  a  finite  amplitude  wave 

The  exact,  and  therefore  nonlinear,  equa-^ 
t.ions  of  elasticity  were  presented  by  Murnaghan 
in  1951.  A  more  general  description  of  an  electri¬ 
cally  polarized  elast ic^sol id ,  or  continuum,  was 
given  in^l956  by  Toupig  •  In  more  recent  papers 
Thurston  and  Tiersten  gave  the  elastic  and  elec¬ 
troelastic  rotationally  invariant  equations  in  a 
form  including  mechanical  inertia,  which  are  more 
directly  applicable  to  the  description  of  wave 
propagation.  The  complete  set  of  electroelastic 
equations  can  be  found  in  ref.  4,  and  in  the  pre¬ 
sent  paper  only  a  brief  description  of  the  purely 
elastic  problem  will  be  given. 


Amplitude-frequency  effect 

The  ampl i tude-frequency  effect  corresponds 
to  the  dependence  of  the  frequency  of  ^  resonator 
on  the  oscillation  level  and  appears  as  a  distor- 
sion  of  the  amplitude  and  phase  resonance  curves. 
The  nonlinear  resonanc^  of  quar^  resonators 
investigated  by  Bottom  ,  Warner  and  Hammond  , 
essentially  on  AT-cut  resonators  by  using  amplitu¬ 
de  resonance  curve  methods.  BTy^ut  quartz  resona¬ 
tors  were  also  studied  by  Seed  .  ^  tree  oscilla¬ 
tion  method  was  used  by  Smolarski  and  applied  to 
length  extensional  low  frequency  quartz  resona¬ 
tors.  Typicaj7ampl i tude  and  phase  nonlinear  reso¬ 
nance  curves  are  shown  on  fig.  1. 


When  refered  to  the  convenient  material 
(Lagrangian)  coordinate  system  the  stress  equation 
of  motion  takes  the  form 


On  a  free  surface  with  a  unit  normal  of  com¬ 
ponents  N  ^  the  adjoined  boundary  condit  ion  is 

n }  r .  ;  *  o  (?) 

o  is  the  specific  mass  of  t.h*  body  at  rest,  u. 
are  the  mechanical  displacemen  components  and^P.  . 
is  the  Pioia-K  irehof  f  stress  te  -sor,  which  can  beJ 
writ  ten 

ij  ljkl  ki  ljkimn  k ,  l  m,n  ^ 

+  6.  ..  .  u,  A  u  u 

ljkimnpq  k , l  m,n  p,q 


The  c  ,  ’s  are  the  regular  second  order  elastic 
constUtt. 

V .  and  6  are  related  to  the 

third  anti  fourth  orhir  e?i§tic  constants  c. 

.  ~  . .  . .  ...  l jkfcmn 

and  r.  „  following  the  relations 

ljklmnpq 

Yijktmn  Cinkfc  ^jm  *km  *  ^^ijklmn 

(4) 


The  inconvenient  of  the  resonance  curve  me¬ 
thod  or  of  the  free  oscillation  method  is  not  to 
enable  to  separate  the  thermal  effect  and  the  pure¬ 
ly  nonlinear  effect.  Therefore  they  must,  be  used 
only  at  a  temperature  correspond i ng  to  the  turn 
over  point  temperature.  However  a  new  method  was 
proposed  by  Planat  for  measuring  dynamically  the 
A-F  effect.  In  this  method  the  driving  signal  is 
amplitude  modulated  and  the  corresponding  resonan¬ 
ce  frequency  modulation  is  detected  with  a  phase 
bridge.  The  additional  thermal  effects  can  be  com¬ 
pletely  cancelled  out  when  the  modulation  frequen¬ 
cy  is  large  enough  compared  to  the  thermal  relaxa¬ 
tion  frequency  of  the  crystal. 

With  regards  to  the  curves  of  fig.  1,  it  is 
obvious  that  the  resonance  frequency  of  a  resona¬ 
tor  driven  at  high  level  is  not  so  well  defined, 
and  all  the  amplitude  variations  will  be  transfor¬ 
med  into  frequency  shifts.  In  order  to  reduce  the 
A-F  e££ect  doubly  rotated  quartz  cuts  were  investi¬ 
gated  and  it  was  pointed  out  that  the  A-F  effect 
could  be  minimized  for  a  20°  rotation  angle  around 
the  Z  axis,  as  shown  on  fig.  2. 

A  one-dimensional  model  gives  a  simple  analy¬ 
tical  expression  of  the  A-F  effect  for  rotated 
Y-cut  thickness  shear  resonators 


3,,;  (3C22  *  6C266  *  C66b&) 

256h 7  °  C~ 

bb 


'6) 


6  ...  .  =  U)c.  6  6  .  ♦  (l/4)c.  6 

l jktmnpq  lqnl  km  jp  ljkfcqn  pm 

♦  ( l/4)c.  .  a  6.  ♦  (^)c.  .  B  6  .  (5) 

ljqlmn  kp  lqklmn  pj 


(  i/6  >c 


i  jk Imnpq 


The  first  term  in  Eq.  (3)  is  the  linear 
term.  Y  ^  m  and  4  k  mn  introduce  quadratic 
and  cubit!  fionl  inear i4lesn?8  the  propagation  equa¬ 
tion  and  boundary  condition.  System  (!)-(?)  can  be 
solved  by  using  a  method  of  successive  approxima¬ 
tions,  and  the  solutions  lead  to  the  detgrg inat ion 
of  the  second  and  third  hgr^onic  levels  ,  of 
ampl j^u^- frequency  effect  *  ,  and  of  intermodula¬ 
tion  * 


2h  is  the  quartz  thickness  and  U  the  oscillation 
amplitude.  This  relation  shows  tRe  influence  of 
the  third  and  fourth  order  elastic  constagjs.  If 
the  former  ones^re  well  known  for  quartz  and 
other  materials  ,  the  last  ones  still  are  un¬ 
known.  Nevertheless  equation  (6)  and  the  experimen¬ 
tal  data  offer  a  possibility  of  evaluation  of  the 
c  constant.  Values  obtained  on  5,  10  and  100 

MHz  AT-cut  quartz  resonators  are  given  in  table  I. 


f  (MHz) 

o 

5 

10 

100 

C6666 

8.1013 

3.1013 

b. 1013 
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•  a  V  .  h:ft:;  •'  *  i : : « •  are  <  auS'-d  by  I',  t  reuses 

•"♦•t-il  t  i  iiv.:  •  >; .  l 1  ed  -.n  the  quart  z 

;!:>•  long  t « aging  "t  i'-:;'iii;it.>ir:i  is  part- 

t  i  j  ♦  *  i  t-  Mu'  fi-iiix.'it  inti  ■  >:  these  stresses . 
i .  t  r  i  *n  t  at  :  on  <'•  imr.[  *onds  to  a 
t  tjfv  i  n  M  i  i*»r  i<  >  d‘  su»  h  planar  str'*s- 

’  .  Th*  three  now  doubly  r  •  f  •  t ;  *  t  <  *  *  i  Tl*,  TTr  , 

*  >rro'.  .{.otiM  t  o  inti  .irul  it 

*.  : .  ■  i  r*  |  •  r  i :  i  i  r  i  >  *  ttmt  th'*ir  .r  i  rut  nt  i  on 

;  ;  thf*  rj ]  i’t  iTcno'. ;  t.ot  wi  on  thnrfnnl 

t. r . j* •  : .  ,  an  i  sot.rop  i  r  and  ir.ot.ropir 

1. 1  i  up  rather  :ima  I  I  . 

a-*  ivity  ol  :'AW  Moiay  lirms  was 

;t  a';it<*ii  i  fi  th*-  '  afi"  of  fompr<‘fi!i ioria  1  and 
!-  r<":,  ofi  r»-.  t  if i*»u  1  .'if  f^a^ys,  and  of  diamr-- 
■■  *  •  1  >r;  1  i  f  a  1  at  p  1  at  «*s 

imparabLf?  sensitivities  are  observed 
i .  i :  .<•  of  fhojf  planar  :-;t  niclurt*  HAW  clrviccs 
t*'  wo  I  I  adapted  to  sensor  applications. 


!  i«:.:  .nr  »-:;ons  i  t  i  v  i  t  y 

|-I»r  rtapl«-  ipiirt/  rr,sonat  of-s  pressure  r.efist- 
t  ivjty  doe;;  not  ,*ipp»*;ir  as  fora»  a:,  Mi<-  <’ry;;ta|  jr. 

•  jnder  v.»<uunit  a:;  '-xpi-r  t  erf  with  p_o  od  ylasr;  or  metal 
*t.«  l  o;;uj*<*i . .  Therefore  t  tie  studies  <-,{  pres;'.ure-sen- 

s.  i  t  i  v  1 1  y  were  .arhieyed  rather  for  optini/irir.  pt'es- 

•  uj'*  t  T'ansdu'  ers; . 

Wi  t  ti  hulk  wave;-,  resonators  the  hydros,  t  at  i  > 

I  I'essi  ire  is  not  ij  i  r»M  t  |  y  app  1  i  ed  to  t  ti«  *  r.y  s  t  a  J  , 
t  ut  t  ransf orwed  into  jj^amet  n<  f  or'es  tr.v  mean:,  oj 
part  i«  ii|ar  ene  1  osure.s  .  Therelr,r*o  Mr  tins  as* 

1  orre-sefis  1  t  1  V  1  t  y  must  he  Considered  tlfS*. 

With  surface  wave«;  'tie  r.  j  mp  1  e;>  t  -jcy  s*..  *-ou!d 

•  «*fisis.t  in  applyuir  the  ti'/drostat  i<  pressure  on 
the  different  fares  of  a  systal  field  on  a  ripid 

plane.  At  I'1'-  MHz  t  ts  '  orresporid  i  np  sensitivity  is 

•  H.-  kPa,  and  is.  to  low  for  sensor  application, 
lhe  •-.oluiion  M>n:*i:.t:;  in  usinp  a  t.fi ;  n  an  l  so  Prop  i  • 

«•  i  reu  |  ar  plate  r-  lamped  alon^  Ms.  periphery,  wh  i  ■  h 

is.  bended  P^  ^t  he  hydrostat  m  pres:, ore  applierf  ofi 

one  side  ‘  ’  .  The  sensitivity  as  a  fun-Miori  -d 

t  he  position  of  t.he  wave  on  t  tie  diaphrapr  i ;;  shown 
ori  fip..  M.  Thir.  calculation  was  made  t.y  osiny  a 
t  ht'eed  i  mens  iona  l  model  fJjjr  .dfd  ermi nal  i nj;  t  he  st  a- 
ti(  stress  d  i  st  r  i  hut.  i  on  *  .  A  differential  pres¬ 
sure  senior  is  obtained  hy  usmr  delay  1 

on  t.he  same  diaphragm.  This  ^‘riaf;  1  es  ts;  compensate 
t  he  influence  of  temperature,  and  to  increase  t.he 
sen::  it  i  v  i  t.y  t  o  A<  i'i  Hz/kla  . 

Acrej  etsat.  M)n-sensi  t  l  vi  ty 

A  (juartz  plate  sub  jected  t.<;  an  ai.ve  1  erat  i  •  >ri 
field  experiences  internal  forces  (the  body  for¬ 
ces)  ;,nd  external  forces  (the  reaction  forces  at 
t  tie  fixation  points).  Because  of  t.he  implications 
■  >f  *'-seri;5 1 1  i  v  i  t  y  for  spatial  and  tactical  quartz 
oscillators  many  studies  were  undertaken  on  this 
subject . 

74 

Valdois  presented  experimental  results  on 
the  dependence  of  the  sensitivity  to  acceleration 
direction,  as  shown  on  fig.  10.  Th^o^gin  of  the 
g-sensi  t.ivi  ty  is  attributed  by  Lee  ’  to  angular 
imperfections  in  the  position  of  the  supports  on 
the  crystal  periphery,  and  by  Janiaud  to  disyme- 

t. ry  of  the  resonator  composed  of  the  crystal  blank 

and  of  the  mounting.  This  last  hypothesis  was  veri¬ 
fied  with  B.V. A.  resonators,  the  technology  of 
which  enables  to  make  mounting  and  fixation  brid¬ 
ges  much  more  symetr^cal.  A  reduction  of  the  g~7g, 
sensitivity  from  10  "/g  to  !'.  1(*  /g  was  achieved 
Other  possibilities  of  improvement  are  offered  by 
compensation  techniques,  which  utilize  two  resona¬ 
tors  connected  e^gr^i^lly  in  series  with  opposi¬ 
te  sensitivities  ’  ’  ,  or  enant iomorphous  sta¬ 

cked  crystals  or  auxi^i^rjy  acre  )  emmet  ers  !'<t 

<  'ficn-  1  o<jp  rornpensat  ion  ’  ’ 

Kven  if  the  g-senr.  l  t  i  v  i  t  y  can  be  reduced  by 
one  order  of  magnitude,  such  an  improvement  is 
still  not  sufficient,  and  a  combination  of  appro¬ 
priate1  mounting,  less  sensitive  doubly  rotated 
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re )  axat  i  on 


nits  and  compensat ion  effect  is  to  bo  used  to  de¬ 
sensitize  t.ho  bulk  wave  resonators  by  our  morv 
order  of  magnitude. 

For  SAW  devices  the  situation  is  worse,  ami 
the  first  measurements,  performed  by  hevesque, 
show  a  sensitivity  hijri^ed  times  large,  i.e.  of 
the  order  Of  lo  /g  *  .  Indeed  the  contr i hut. i on 

of  the  mounting  is  dominant.  Tins  is  shown  on  tig. 
11,  where  two  or  four  supports  were  used.  The 
worst  eorif  igurat  ion  corresponds  to  a  plate  fixed 
with  epoxy  on  a  rigid  plane. 

I  ,  C,  K  lec  t  ri  c-f’ie  1  d  sensitivity 

The  application  of  a  DC  field  on  a  quartz 
resonator  i  nduces  frequency  shifts  through  d  i  I  fe¬ 
re:  :  t  median  I  sns  . 

-  It  the  I'C  field  i;  apjlied  in  «i  di  reef  ion 
tic-  which  the  crystal  is  piezoelectric  a  deforma¬ 
tion  follows  which  can  mo.lify  the  plate  thickness 
and  the  specific  rnass ,  and  ttierefore  the  resonance 
frequency.  This  is  a  direct  effect,  but  which  or- 
car:  only  for  particular*  direct  ions. 

-  An  indirect,  but.  non  neglegible,  effect  is 
the  nonlinear  coupling  between  the  static  strains 
nr.  i  the  high  frequency  wave  through  the  third  or¬ 
der  non  t  i  near  i  ties  as  for  a  mechanical  bias.  It.  is 
o!  the  same  order  of  magnitude  the  previous  one 

-  elect rostrict ion  is  present  even  in  non- 
p  i  e  '  natenai.  It  corresponds  to  quadratic  terms 
;  r:  the  strain  i  or  stress.'  -electric  field  rela¬ 
tion.  It  appears  as  a  correcting  quantity  in  the 
static  strain  generation. 

-  More  important,  is  the  electroelastic  ef¬ 
fect.  It  correspond**,  in  the  strain-field  rela¬ 
tion  to  terms  with  products  of  a  strain  component 
hv  a  field  component.  It  is  equivalent  to  a  direct 
eod i f i '  at  i on  of  the  crystal  elastic  constants  by 

the  bC  field. 

The  study  of  these  effects  was  undertaken  in 
length  and  thickness  ex tens i ona 1  resonators  and  in 
doubly  rotated  thickness  shear  resona¬ 
tors'  .  Ksseritially  effective  electroelastic 
constant s  or*  combinations  of  constants  were  calcu¬ 
lated  by  reduction  of  the  experimental  results, 
hut  the  complete  set  of  values  of  the  fundamental 
e 1 e-  t roe  1  as t i c  constants  is  still  to  be  obtained. 

Tt.atic  measurements  of  some  nonlinear  third 
and  fourth  order  piezoelectric  constants  and  of 
the  complete  set.  of  dielectric  constants  up  t.o.^hf 
fourth  order  of  quartz  were  achieved  by  Hesson 

A  secondary  effect,  due  to  the  crystal  ionic 
>  oridue  t  i  v  i  t.  y  can  be  observed.  The  initial  frequen- 
'  v  shift  due  t.fj  t.he  previous  effects  is  followed 
hv  a  relaxation  phenomenon  as  shown  on  fig.  lg. 
This  relaxation  corresponds  to  the  migration  of 
ionic  impurities  INa  ,  Li  ,  K  .  under  the  IK* 

fi'-id.  These  a  1  ka  1  i n  ions  are  trapped  by  A1 
atoms  and  occupy  an  interstitial  position.  The 


relaxation  can  be  characterized  by  a 
time  ,  according  to  the  relation 

t  r  exp  (K/k  T) 
o  o 

where  K  is  the  activation  energy  of  the  ion, 

the  Boltzmann  constant  and ^J'  the  absolute  tempera- 

t  tire  (typically  r  -  in  s  K  <  1  eV  J  . 

This  relaxation  phenomenon  opens  a  new  possi 
bilit.y  for  studying  at  room  temperature  the  impun 
ties  of  quartz  crystal  by  separating  the  exponen¬ 
tial  components  of  the  relaxation  and  calculating, 
t  be  different  activation  energies.  In  account  nf 
the  difference:;  m  the  ion  mobility  each  value  of 
the  activation  e^qrg>  i  s  charac  t  ep  i  ;;t  j  ,•  r,t  ,,n,> 
t  ype  «>f  i  mpur  i  t  v  . 

It  the  s.tat.lr  f  requeney-e  J  et  t.r*  l «  1  1  e  1  d  ef¬ 

fect  is  <>f  interest  m  quartz  for  t.he  fundamental 
points  of  view  of  determination  of  the  elect  roe  la- 
tic*  constant:;  and  of  character  i  za  t  i  on  of  impuri¬ 
ties,  new  possibilities  are  offered  by  electron- 
phonon  interactions  in  p i e/o-semi conductors . 

In  a  crystal,  which  at  the  same  time  is  pie¬ 
zo  e  1  ec  t  r  i  c  ( the  e  1  as  t  i  c  wave  goes  a  1  ong  with  an 
electric  field )  and  semiconductor  (charge  carriers 
can  move  under  an  electric  field)  it  is  possible 
to  speed  up  or  down  the  elastic  wave  by  applying  a 
DC  field  in  t.he  propagating  wave  direction  or  in 
the  reverse  direction.  Th  i  ^phenomenon  was  used 
for  acoustic  amplification  ,  but.  with  moderate 
success.  More  recently,  Grudkowski  showed  the  rea¬ 
dability  of  h\gh-\>  SAW  resonators  with  Gallium 
Arsenide  (0- far  tors  almost  as  good  as  with  quartz 
were  achieved)  and  the  possibility  of  controlling 
the  resonance  frequency  with  an  external  DC  volta¬ 
ge  by  varying  t.he  dep^tion  depth  beneath  a  Schot- 
tky  barrier  electrode  .  Velocity  or  frequency 
shifts  as  large  as  *>00  ppm  can  be  obtained  for  a 
reverse  bias  of  -30  V.  These  new  devices  must  be 
pointed  out.  (even  if  not  made  of  quartz)  because 
they  will  open  interesting  possibilities  for  TCXC, 
VCXO,  and  phase  shifter  applications. 


Crystal  anharmonici ties  and  phonon  interactions 

The  vibrations  of  a  solid  can  also  be  descri 
bed  by  a  microscopic  model.  The  lattice  vibrations 
arc*  represented  by  elementary  lattice  waves  or 
phonons,  and  if  the  interatomic  forces  are  conside 
red  to  be  linear,  harmonic  approximation,  the  dif¬ 
ferent  lattice  modes  are  independant.  Therefore 
the  energy  stored  in  each  given  mode  is  constant 
and  there  is  no  sharing  between  different  modes. 

According  to  quantum  mechanics  the  energy  of 
each  mode  takes  only  discrete  value  and  the  total 
mean  energy  of  the  lattice  is 

F  [  fi  u  ( kj  )  [  n  ( kj  )  *  y't\  (11) 

jk 

where  the  summation  is  performed  over  all  normal 
modes  of  wave  number  k  arid  frequency  ^  and  over 
all  branches  j.  ri(kj)  is  the  mean  number  of  pho- 
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Mh  -nervy  f;  .  iki-  stored  in  ;  m-J  h„ 

i  t  h* •  >  [>■  ■  i  n  t  * * r v  . 


’  1 1« ‘  near.  nur>h"r  ut  phon<  >ns  n  r  k  )  I  i  •  >  1  I  Mr 
s  n:;  t  *•  i  n  d  i  s  t  r  1 1  uf  i .  i\  law 


A  ^IM-  l  \ !  appro. v  h 

A  k  ( 1 1  «•■>■!'  wh  i  •  h  i  v  1 1  i  d  in  t  h" 
when  Mi"  phonon  i»"  in  free  path  j 

»und  *  iv  I  »*ng t  h .  Th  i  *  * «i i *  1  i  *  i " i 
hii’li  l  •>ni|<*rn1  ure .  in  Hit  Mi-  a  y 
t  r'-'.tt  na-  r-  >  ■  •< .[  ■  i  •  i  I  ]  v  .  i  r  i  <  I  th** 

: 1 1- » -  i  nt  r« *«}'•'  »‘.l  hy  stating  Mi  it  i 
■•I  .i  phonon  'l'-p«Tid:.  upon  th*-  t.a 
Mi*-  <  rvst.il 


.  ,  iu«-  to 
)  1  n  1  t  fij,  ■ 
:  ■  I  I  <-r 

n  in  v"r  i  { 

*  h»-  <und 
anharmori  i ' 
h"  f  roqu'-n' 
to  of  ;lrn 


♦  Mir.’  Mi" 

I'M  it 

wave  in 

Ml". 

V  .  1  K  i  1 

inn  of 


This  represen  t  a 1  i  ■  -n  is  sufl  i  icnf  to  introdu¬ 
ce  t!l»*  "I|||  "pt  .‘I  S.p"-'ltl>  tl« 1 ; « t  .  I'lVi'II  hy  t  he  tin  •;»!  | 
energy  ti'iripTrit'.irc  iiiTiv.it  i  v<‘  in  the  absen'  -d 


K  | 


[  n  < kj *  I 


(  I  < 1 


w  i  Mi  f*  I  ■  k  I  .  V  :s  th"  tot. -'i!  V*  •  I  uni*  <i|  t  h"  -rvs.- 
t.ii. 


A  "i'Kv  realistic  approach  has  to  g  beyond 
t  he  harmonic  appr->x i mat  ion  and  to  consider  cubic 
and  quart  i.  turns  in  t  h"  atomic  displacements  for 
d"f  lr.irifci  the  potential  energy.  As  a  consequence  of 
these  an  harm  in  i  ■  ■  i  f  ;  es  are  the  possible  interac¬ 
tions  PC 


tween  phonons.  The  aetjjpl  presentation 
"•  tfi"  works  of  Klemens  Maradudin  ,  and 


In  the  I.andsu-h’umer  theory  these  interac- 
*  i  -ns  ne  reprosen t ed  by  moans  of  higher  order 
iia-iltoti;  m  i  imposed  <>f  products  <.>f  ereation  a^ 
atid  arm  i  hi  I  )  t  i  on  a  'Operators.  Thus  for*  three  pho- 
non  i  :it  era.  t  i  •  >n  processes  it  is  written  : 

. d<  k  \  V. '  j '  y.’M'M  a  ( V.  j  )  a (  k.'  j  1  :• 


(  V.  ! 


•  x£ 


in.  Mi"  I  sgrarig  i  an  '..train  ■  oripor.-nt. 


rtu-r’ma  1  ■  < mdu<  ■  t  ivity 


The  h"at.  flow  in  a  given  dire.  *  j.,,,  rx  1:; 
q  —  ,  N 1  k  |  I  -fi  ,•  (  k  i  '  v  i  k  ;  >  1  m 

a  v  ■  » 

k] 

where  v  ( k j \  is  the  phonon  group  velocity.  The 
difference  ANIkj)  -  N(kj)-nlkj)  is  <a  leu  1  nt  e.j  with 
the  Boltzmann  transport,  equation,  whi-h  at.  Mie 
steady  state  and  without  strains  takes  the  form 


3PT 
3  t ' 


co  1  1 


v  (  k  j  1 
a 


an<  kj >  st 

3T  3x 

a 


(17) 


3T/J»x^  represents  the  temperature  gradient. 


Wit.ti  the  approximation  3N/3T  -  3n/3t  this  leads 


'  Ck.i  • 


'  k.t 


kj 


3T 

^x„ 


9n(kj  i 
3T 


tl<.  (  k.: 


'  k.j  - 


Ih"  i:.?"ra<  t.  in:,  must,  verify  energy  conservation 
.  i  a  :  ti .  1  kj  ■  H  i  :  k  *  ,j  ’  1  •  ti.  l.kuj'‘  i.  Af'cordmg  t.. 
Me-  1 1 1 Vo  i  7"'J  pro-  ":;:'-  *  lie  qua:*  i  momeri  t  urn  i  s  conser  - 
."■1  ‘i  p i,o!'',:;:i!,si  or  not  i;irnklapp  proc«*:;ses  1  .  The- 
i  n  t  "iac  t  l  >>ri:>  giv"  i  finite*  1  j  t'e  tin*-  t.o  tfi«- 


If  il'k.i  ■  is  Mi"  n  jfiti* -r*  -f  phonons  of  mode  k 

!i"S  "ut  ■>*,  "  q  - 1 1  i  i .  j  t'  ;  1 1"  ,  Mi"  '  •<  >1  1  i i » »r  i:  J  b<*tw""r; 

tiofic-ri;.  Wi  1  :  I'S-i  "  mod"  k  to  come  ha<k  to  "<|u  i  1  ;  - 

ri  i*" .  A  r*"laxati  u:  time  *  ‘  k  j  1  is  rjefined  hy  the 


'1  o  _ 


-  k  1 1 


"ti"  . . o 1 1 r : - }  wave  :  < .i i : ;  i -I" r- •<!  as  a  tie  im  »f 

.  a  "ii"";  e/  ptiorion.-  K.‘  md  f  requerr  y  Ut  Kd  '.  Ms 
.I’l'ites  of  i-tionons  i  .  large!1/  in  ex<  wiMi  r<-".- 
-  <■'  ’  *  ■  -  t  tie  -••{ui  I  mt*  Mir  iinn.t-'r .  1  >n  •*'  count  :<t  tin 
arc  er  t  a  i  ri  t  y  pr  I f  n  1 1- 1  <• ,  the  finite  1  i  f'e  !  i  ne  -  f  ,i 
•  po'.'  !.  i'ak"s  M  ..  --nergy  in'  -'fl  a  i ri  ay  'fi/Mk.i1. 

'  h<  ref  t  airrl- e  it'ii'ri'-r  •"•tfi-.d  s!ioul<l  v  a!  i  I 

,  fi  -  •  tV.;  ,  ->r  m  •  •  .  This.  >r r"s,pond. .  to 

...eh  !  r  <  q  jen<  v  cniisi  wave  or  t<-  large  thermal  ph->- 
!  .  i*.  \  ii  "  !  i  i/t  1*  •  5 ;  temperature  t  ,  1!»W. 


The-  thermal  conductivity  <<>eft‘i-  iont  i.-.  de-iuced 
t  ropi  eq  (  1 H  ) 


h 


t  (  k  j  )  v  (  k  j  )  v  (  k  j 
[ n( kj  )  4  1  ; 


7  I kj  i  rM  k  i 


x 

•  I  * 


ITie  finite  thermal  conduct  i  v  i  t  y  of  the  rys- 
tnl  entirely  results,  on  t.he  anharmon  i<  i  t  i  and 
mainly  on  hmklapp  interaction  processes,,  without 
t  tiose  interaction  heat,  would  propagate  as  .ic<>usti<* 
wave;;. 


If  t he  mean  value  of  a  given  quantity,  let 
us.  s.ay  t,  is.  defined  t>y  the  re  l  a  t.  iim 

]  i  (  k.i  1  n  ( k  j  )  jnik.iMl 


T  <d:  (  k  j  )  n(  k  j  )  [  n  i  k  j  M  1 

k.l 


W'  i  *  t)  t  he  lie  I  p  of  eq  (  ] 


Y  l  i',,lllH  i 


SVT 

Bh; 


■  t  ' 


i  >ne  can  #r  i  '  «• 


I'tius  the  ther’mal  conduc  t  i  v  i  t  y  soeificient 
t  akes  t  h* ■  s  r  nip  1  er*  f .  »rm 
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.  :  t  •  •  I  i  .  .fi-|  nr*  d  t  . .  the 

:  r  IIk-  kmet  g. 


i!  »  >: j  . i ; i  i  'ii  ha;  it;  •  -r  i  g  \  n  m  Uv  s 
«•,!.  '!'*)«•  •nergy  A  > > t  th*“  'ryctal  i; 

.  1  .  r  <•!!»  IV,  .  I'  l*  •  t->  « ■  l  :u:  t  I  *  •  de|  orili.it  l  on;:  and 
1 f  !•••  i :  1 1*.-  'ii*  ii  ••?)♦* rgy 


:-T: 


j*--r  t  :  v»- ,  .»t  const  ant  t  empera t  > 
■ r ••  ■  >■  Jvi i- if*  i !  t  * •  r i •  ••  i  *  'ii 

tdi. 


.  ••  i'll  the  t  h'V"  i  !  eXpihSi 

.  •  »  »  .  f  *  «  .!!••!  t:V  i'Tl  i!  Ill>’  *’l  tf, 

t  t  t  >*  it'4  at  ■  n:  t ;  *i :  t  inn. 

r*f ;  *  -  , 


1  he  i  r'1  i  r  ■  *'  *  •  r  i  1  .nstant  *  i  V  1  r*-Jer**d  t 
*  {  u*  i  /.  i»  : •  »r *-  and  Wiiv  Inr  k 


1'f.e*.  t  he  thermal  expansion  is  writ  tori 

•1  .  '•  k  -  '  V  t  k  )  1  >  t .  'H 

i  ;  K  i  k  t  .  i 


;  1 1  ten  uat  i  on 


Again  because  of  the  anharmonicities ,  a 

,  aid  wav*  propagating  iri  the  sol  id  will  exchange 
energy  t  h  the  heat  reservoir  *■' »r n; t  i  t  ut ed  by  the 

1  r ji i* j  of  thermal  phonons.  In  average  this  exchange 
*  i  J  i  '  -  «rr**s(  f  >nd  t>.  a  loss  of  *-n*-r,gy  of  t  fie  sound 
,  given  by  t  he  attenuation  I  a*’ tor 


orniii 
id  -Jo; 


«•«»!»:;  t  an  t  ,  is 
'  in  tin*  i  nvo  i  - 


v«  d  inters*  t  i r  >r  i  pro*  .  : ;  is  t|ic  sound  way 

ph  a;  ;*•  v-l'n'i  ty  and  o  t  ho  *‘  r‘V?.  t  a  1  sp<  •<  if  i  ma: 

sh  lit  i  of  *r  v*  i 
<  on:,  t  ati  t 


Tt  i  *  • :  :<  *  results  show  that  thermal  *  on  i>  i>  t  i  v  4  - 
ty,  thcnn.il  expansion,  a<ousti*  a  t  t  enus  t  ,  <  *r ,  an  J 
r<lat*'il  velo<  ity  (or  !'rci|ucmy  i  shifts  all  ha/*, 
t  li*-i  r  origin  in  t  fr*  «ryst  a  1  1  at  t  i *  *■  unhsrm.  n  .  ■  *  - 

♦  l  .  The  niHT'i;;'  op  l  *  t  heorv  *  •  I » •  i  r  I  *  ■: .  to  p',;jtc 

t  h«  ;.*•  phenomena,  who  h  general  l  y  are  <  on.  ,  i  d*  r*-d  a: 
i  ri«i#-{.i  ndant  in  t  h*  i  i  near  i  /.*•'!  ma<  r*os-  ■<  •(.  i .  ip- 

pr.>a*h.  I'orui*-  t  ;  •  a  i  *  an  t  >  *  •  n.id**  t*-tw*-*-r,  "•  i  ros'  oj  j. 
and  ma<  rosi  opn  df;;i  rij.t  i*»ns  and  f<.r  in:. tars  «•  tfic 
iruiii- 1  ;r*n  'ori;.tant  *  i:.  r**- 1  a  t  ,t « *  t  ts  thir'd  ord*  r 

•  •lasti*  «-on::t  .ard  .  by  fuvg.g'T 


>i . I  ... .  i  on 

Not  *  at  l <•  i«ipr« •■.'♦•Rjfnt  s  ot  tti*'  port  ornari'  *•  . 
ot  juarf/  !•*•:.  .Ti.at  ..r:-  tiav**  t»<**-ri  a*  ti  i  *-v«*d  during  th<- 
last  'jcc.i.j*-,  which  largely  ar**  a  result  ot  th*- 
.■  t  ijfji  ori  n**n  1  i  :s*ar*  i  t  i  .  Solutions  of  most  of 
t  hr-  d  i  !  f «  r»  -r  i  ♦  pr*d>  1 4'fM.  w*v«>  found,  .at  l**ast  in 
pr  im  ipl«*#  and  tti«-  important  i  ontrihut  i-ifi  of  lou- 
1 1 1  v  r--.'t.at*  d  '  ijts,  and  part  j <  u  1  ar  1  y  of  u t  ,  must 

{,>■  pointed  out.  The  doubly  rotated  rots  enable  to 
r*‘du*-e  amp  I  ;  t  ad*-- f  r'e'pjen.  y  effe<  t,  and  tts-refore 
.  1 1  l  nt  cpninlu  l  it  ion,  t  h**y  *-xhibit  fewer  a<  tivity 

dip.,  t.tiey  minimize  th»-  p I  anar-st  r**n:>  sensitivity, 
and  ♦•speejally  tfi#*y  improve  t.fie  dynamir  thermal 
behavior,  wtii'  h  is  one  of  the  main  eauses  of  short 
term  instabilities  «.t  oseillators.  Quartz  is  t  he 
crystal  with  the  main  qualities.  However  for  some 
a['P  1  i  eat  i  <»ns  other*  materials  ran  be  advantageously 
used ,  such  as  lithium  taut  a  late  which  is  more  li¬ 
near.  for  berliriitr  the  .studies  are  still  on  pro¬ 
cess  and  no  conclusion  ran  be  given  yet.  Also  some 
new  | "  is?;  i  b  i  1  i  t  i  rs  are  offered  by  surface  waves, 
which  are  mostly  interesting  with  regard  <>  their 
planar*  structure  ;  bulk  and  surface  waves  eon  Id 
find  romp  lenient  ary  applications. 

The  improvements  are  also  duy  |o  new  designs 
of  reson.a t ors ,  like  HVA  resonator's  ,  wtiirh  allow 
better  control  of  the  electrical  and  geometrical 
characteristics,  to  technology  for  very  high 

f  r'eijuency  resonators  ,  to  new  e  1  *»ct.r*>n  i  es 

:;yst**m  with  lowered  noise 

Th**  c  home  t  er  i  sa  t  i  <  >u  of  t  fie  quart/,  material 
is  t.he  iiext  important  step.  It  has  been  shown  how 
the  auharmon  i  c  i  t  i  e<;  contrihue  to  t  fie  tfiermal  and 
acoustical  properties  of  the  crystal.  The  actual 
studies  on  frequency  fluctuations  and  flicker  noi¬ 
se  sources  try  to  demonstrate  that  their  orig, ins 
must  also  fie  found  in  t  fie  anharmoti  i  c  i  t  i  es  and  pho¬ 
non  i  rit  erne  t  i  oris  . 


A  simultaneous  vel<»*  i*y 
c*  •  l . » t  «*d  to  the  s;»nie  f»riine  i  :;**n 
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'hr  .1C  Cel  t>rj  t  t  nil  SC'-Sl  t  '  i  '  tv  I  •  r'J'i.  •.■  y 

st  el  da  I'.ls  md  cl  OCXS  I'.  ISSUI'll'U  In  '.MS  i  .;  J  ,1  I 
h’fiLdn,..  in  modern  cummum.  utions.  navi  pit'  in, 
inh  Hi’h  t  ’  ‘  K.  j  1 1  Oh  systems.  A  tiitori.il  descrip- 
i i on  1‘,  Dr.-sent'  '■  on  how  accelerati on .  ti.irtii.u- 
,'bration.  affects  the  t  requeue  v  i>  I  the  most 
jt  i.l.rjtion  sensitive  component  i  fi  modern  t 
joi-ny  standards.  the  crystal  oscillator.  A 
s'  iuil  •.  iiathmiiitical  model  do  so  noma  the  rtfi-ct.  ot 
n.inir,  lotion  on  the  oscillator  output  is  prn- 
loit-j  !.  'he  coefficient  of  acceleration  sensi¬ 
tivity.  .  is  shown  to  have  vector  properties. 

he  acceleration  sensitivity  vector,  ,  is  in- 

fri.dii-ed.  Th>  behavior  of  the  oscillator  output 
m  [ 1 1 , t n  the  time  domain  and  the  frequency  domain 
is  presented. 

The  simple  model  is  expanded  to  include  !) 
tie  tonsequences  of  frequency  multiplication  which 
an  lead  to  toe  loss  of  the  carrier,  and  '/)  random 
yifirjt'on .  the  phase  noise  resultinq  from  a  qi  ven 
V  I  P  r  a  1 1  u  n  spectrum  is  -dlculated. 

A  method  for  the  measurement  of  the  vibration 
sensitivity  coefficient  is  shown.  A  review  is 
given  ot  the  current  state-of  -  the-art  in  1)  the 
■h'-mhi nation  of  the  sensitivity  to  vibration  and 
!•  acceleration  .;omppnsati  on  . 


■e;/  Words  .uart/.  quart/  crystals,  quart/ 
resonators,  mart/  oscillator,  crystal  oscillator. 
,i  -cut.  dc  el  oration .  vibration,  phase  noise, 
act  deration  compensation. 

Introduction 

this  is  a  tutorial  paper  on  the-  effects  of 
acceleration  on  frequency  control  devices.  the 
malar  emphasis  is  tin  simple  harmonic  ao.  el  ora  ti  on  , 
i.i...  vibration,  althouqh  unidi  rectional  accelera¬ 
tion:,  and  random  vibrations  are  also  treated.  The 
effects  of  vibration  are  hecominq  cure  and  more 
important  as  other  noise  Sources  are  reduced  and 
system  performance  requirements  u-'  It  r  extreme 
environmental  conditions  are  cade  more 
sfrinqent.  r  1  st'where  m  these  Proceedings  there 
are  several  papers  describing  resear.  h  aimed  at 
extending  the  state -of  -  the- ai t  in  acceleration 
resistant  devices.  The  goal  of  th>s  paper  is  to 
review  the  terminology  and  develop  the  mathe¬ 
matical  foundation  which  will  enable  t.be  frequency 


source  vendor  to  proper  I  y  sp-’1  i'y  "  ’  prod  j  *  i-  . 
the  iser  t  ,  understand  the  con  v  u  e".  n. 

■rat  i  on  . 

f  requeue y  vs  .  V  .  ,  r  ,t:  P. 

'He  most  accol  era*  1  w-  tie  ompone'.  f 

i, re  ision  frequency  and  ti''i"  'cur.'  •  '■  th"  guar'.- 

irystal  resonator,  fll1  of  the  u  1 1  h."-:  i !  >  -  a  1  ley, 
fipment,  in  this  paper  is  dependent  on  in.-  issut; 
tiqn  mat  the  acceleration  vi si  <■ '  v  t./  ., n -  r. 

ari--.es  -  rom  improper  me-  hanical  ’  *v.  u  '  1  d"  s'  ;-  . 
■.iich  as  loose  components  . r  wr  , .  nas 
|—.>i  d  e  '1  . 

it  nas  been  show:  t'cif,  tne  fractional  !  n- 
an— i:  /  shi*t  of  the  output  'r.  quency  if  a  crystal 
is  Ilat.or  is  propnrtiona'  to  the  chung.-  in  a. cel- 
.ration  iiwun  l  tiide  ‘bit  the  os  i  1  1  it.'."' 

ri  rric.-s  .  The  pro.'or  ti  goal  t  ty  constant  i  s  1 
t  motion  at  th"  direct!  t->  et  the  accol  era  ti  on  as 
rpt-renced  to  a  set  ot  :•  -s  fixed  to  the  os .  1 1  - 
labor.  Tor  a  liven  dire. -.on,  therefore. 


wher.  j  is  the  frequency  when  the  resonator  i  v 
experiencing  an  acceleration  of  magnitude  A  and 
T'0  is  the  corresponding  frequency  for  gome  ..-ttier' 
accel  er  itiun  of  magnitude  A()  |  in  the  same  lire,  ■ 
tion  as  acceleration  Aj  .  Tor  simplic  i  tv ,  A., 

is  assumed  to  be  zero.  >0  is  therefore  the  static 
frequency.  Inis  equation  can  be  general i /•  d  to 
include  directional  dependent  -  by  defining  a  1i  - 
recti  on  dependent  .inefficient  of  deceleration 
sensitivity.  (  ,  ■  1.  Kquation  (1)  then  becomes 

y  <  !  A  <  <?> 

r  0 

where  •  and  .ire  the  spheric  i 1  -;oordi  -i  j t os  of  th-.- 
acceleration  dimtion  relitove  to  a  sot  of  ax<-s 
fixed  to  the  t.sc  U  .itor .  A  >  ,  :  )  is  the 

tube  of  the  acceleration  in  th.'  direction  defined 
by  •'  and  .  . 

/'■>  'dpover'  lest 

The  di  t » onal  di  pi  n-iencr  ot  .  can  b»*  dpuon- 
st rated  by  jy*r  t  ...mm  n-)  the  si-iwK-  experiment  de¬ 
picted  in  H 'jure  i.  An  nscil  liter  is  rotated 

about  a  huri/ontal  axis.  •  ■ .  q .  axis  1.  in  th» 

earth's  gravitational  fudfi,  \  tH*-  "iaqn  i  tudt;  ■>? 
acceleration  pven  in  this  paper  w  1 1  be  in  units 
of  the  magnitude  of  the  earth’,  qr.ivi  tationaj 
ace  e1  era  ti  -  jm  at  sea  lewl.  whi^n  is  >  -;;i '  s»>r ' 


and  is  denoted  by  "g".l  The  frequency  is  recorded 
at  various  angular  positions  relative  to  the  ini¬ 
tial  position.  Each  pair  of  positions  separated 
by  180°  of  rotation  corresponds  to  a  change  in 
acceleration  of  twice  the  earth's  gravi tational 
acceleration  (up  -  *lg  and  down  =  -lg,  therefore 
+  lg  -  (-lg)  *  +2g)  hence  the  term  "2g  tipover'' 
test. 
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Fig.  1  -  "2-g"  Tip-over  Test 


AY2g(o )  =  2Asin(o  +  s  ) 


(6) 


where  r.  '<2CA ‘i  )  is  now  the  fractional  frequency 
shift  for  a  ?g  change  in  acceleration. 
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Fig.  2  -  "2-g"  Tip-over  est  Results 

To  normalize  this  result  to  the  per  unit  g 
result,  one  would  divide  by  2  and,  therefore, 
arrive  back  at  the  original  relationship  given  by 
equation  (3).  Since  AY2g(e)  is  the  same  as  aF/F 
in  equation  (2)  and  the  magnitude  of  the  accelera¬ 
tion  is  lg,  it  can  be  seen  that  y  (e  )  for  a 
given  *  is  proportional  to  sin  ( e ) .  From  the 
sinusoidal  dependence  of  y  ( e ,  $  )  it  can  be  de¬ 
duced  that  the  acceleration  sensitivity  is  a  vec¬ 
tor  with  magnitude  and  direction.2'3  If  this 
vector  is  denoted  by  r  ,  we  can  rewrite  equation 
(2)  as 


Figure  2  shows  actual  data  recorded  for  rota¬ 
tions  about  three  mutually  perpendicul ar  axes, 
with  data  points  taken  every  22.5°  in  both  the 
clockwise  and  counterclockwise  directions.  The 
solid  line  is  a  least-square  fit  to  the  function 

Y(  1  --  Asin  (••  -  )  (3) 


where  A  is  the  acceleration  vector.  The  magnitude 
and  direction  of  r  can  be  determined  by  measuring 
the  scalar  components  along  each  of  three  mutually 
perpendicul  ar  axes  (  r  i  ,  y  and  y  3).  The 
magnitude  is  then  given  by 


where  Y[  1  is  (F(  )  -  F(0))/F(0),  A  and  A  are 
parameters  determined  from  the  fit.  To  determine 
the  ?g-tipover  response  one  must  subtract  points 
separated  by  180°,  to  give 

Y?g  (  1  =  Y(-)  -  Y ( "  -  180°)  (4) 

Using  equation  (3)  in  equation  (41,  we  have 


m 


Y*  +  +  y* 

]  ;>  i 


while  the  direction  is  given  by 

Y1  t  Y,  -  Y  , 

r  =  tit  1  +  J  +  nr k 

where  f,  j  and  £  are  the  unit  vectors 
1,2,  and  3,  respectively. 


(8) 

(9) 

along  axes 


•  Y?g(  ■)  =  A[sin(  i  +  ‘)  -  sin  (■■  ♦  180°  +  A)]  (5) 

Since  sin  e  =  -  sin  (  '  +  180°),  equation  (SI  be¬ 
comes 


A  significant  consequence  of  the  vector 
nature  of  the  acceleration  sensi ti vi t£  i s  that  for 
acceleration  in  the  plane  normal  to  r  the  scalar 
product  and  therefore  the  acceleration  sensitivity 
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is  always  zero. 


Simple  Harmoni c_Moti on 

In  most  applications,  some  component  of  the 
motion  experienced  by  electronic  equipment  is 
vibratory  in  nature.  These  vibrations  can  be 
expressed  as  a  sum  of  sine  and  cosine  terms,  for 
simplicity,  this  discussion  will  be  limited  to 
simple  harmonic  motion  at  a  single  vibration  fre¬ 
quency  . 

The  displacement  of  an  object  undergoing 
simple  harmonic  motion  can  be  expressed  as 
D 

X ( t)  =  2  cos  (2  i  fvt)  (10) 

where  X  ( t )  =  time  dependent  displacement,  D  - 

peak-peak  amplitude,  and  fv  -  vibration  frequency. 

The  acceleration  is  given  by  the  second  de¬ 
rivative  with  respect  to  time  of  the  displace¬ 
ment.  Therefore,  using  equation  (10)  we  have: 

Alt)  =  Ap  cos  (2t>  fyt)  (11) 

where  Ap  =  peak  accel ertation  =  -  ( l2  )  (2r  f„)20 

It  can  be  seen  from  equation  (11)  that  the 
peak  acceleration,  Ap,  is  dependent  on  the  peak- 
to-peak  di  spl  acement  and  the  square  of  the  vibra¬ 
tion  frequency.  for  a  constant  displacement  the 
acceleration  falls  off  rapidly  with  decreasing 
vibration  frequency. 

The  variation  of  frequency  with  time  for  a 
frequency  source  undergoing  simple  harmonic  motion 
can  be  determined  by  combining  equation  (11)  with 
equation  (2)  and  eliminating  the  scalar  product  by 
defining  .  as  "A,  where  A  is  the  unit  vector  in 
the  direction  of  the  acceleration.  Then 

jrp  =  ■  Ap  cos  (2"  f„t).  (12) 

This  can  be  rewritten  as 


f(t)  =  Fp  ( 1  +  fp  cos  (2  x  fyt))  (13) 

where  .fp  =  rApTQ. 


It  can  be  seen  from  equation  (13)  that  the 
output  frequency  fluctuates  about  the  center  fre¬ 
quency,  fQ,  between  the  limits  fp  ♦  A  f.  and  fp  - 
fp,  in  a  sinusoidal  fashion  at  a  rate  of  one  cycle 
every  2  * /fy  seconds.  This  variation  is  shown 
schematically  in  figure  3.  figure  4  is  an  example 
of  an  oscilloscope  trace  of  a  vibrating  crystal 
oscillator  output.  The  upper  curve  is  the  vibra¬ 
tion  waveform  and  the  lower  curve  is  the  oscil¬ 


lator  output  showing,  in  a  much  exa ni> ited 
fashion,  the  variation  in  output  frequent  with 
acceleration  amplitude. 


frequency  domain 


In  m»ny  applications  the  frequency  deviation 
due  to  vi  ation  must  be  measured.  It  is  diffi¬ 
cult  to  obtain  quantitative  information  from  the 
time  domain  analysis  above.  It  is  very  useful  to 
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fig.  3  -  The  “Instantaneous"  Output  frequency  of  a 
frequency  Modulated  Carrier 
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fig.  4  -  The  Output  Voltage  of  a  frequency 

Modulated  Carrier  and  the  Modulating 
Signal 


transform  equation  (13}  into  the  frequency  domain 
where  spectral  analysis  can  be  performed This 
...11  .1--.  *■-  — ’  " ~  . *  of  vibration 


nni.i  c  i  vr  v.  L'  hi  a  1 1  a  '  j  3  >  d  w  an  fiv »  i  ■  r  iru-ij  .  i  ri  i 

wiil  also  holy  to  explain  tin  effect  of  vibration 
on  systems  such  is  hopple*'  radar. 

The  voltage  appearing  at  the  output  of  an 
esc  i  1 1  ator  is  qi  veil  by 


cos  ( ; ( t)  1 


where  the  phase.  (t),  is  the  integral  ot  the 
frequency  over  time.  If  the  frequency  is  fluc¬ 
tuating.  hue  to  vibration,  the  phase  in  equation 
(14)  becomes  the  integral  of  equation  (13).  That 
i  s 


I  ( 1 1  <it 

*  F  cos  (2  tyt.)  1  *1t 


i  IS) 


.)  r 

■V  I'  t  •  (  ^  )sm  (?  *  ft)  .  (  lb) 

T  v 

whri  tons  *' ■  * s u  1 1  is  combined  with  equation  (14), 
we  let 

rp 

lit)  J0  cos  e’  fjt  *  (  Y  )  sin  (2-  f  vt ) )  (17) 


of  the  J*  s  and  ■’ v  for  typical  values  of  the  modu¬ 
lation  index,  .  .  The  specification  of  for 

the  best  currently  available  off-the-shelf  oscil¬ 
lator  is  2  x  10 '™/g.  If  the  carrier  frequency, 
Fq,  is  S  NUz  and  the  peak  acceleration,  A  is  Sg, 
tnen  '  F„  =  *  A_F0  =  0.05  Hz.  Several  approxima¬ 
tions  can  be  made  for  Bessel  functions  if  f  is 
less  than  0.01.  Therefore,  for  this  oscillator, 
the  following  approximations  are  valid  for  all  fv 
above  5  Hz  : 

Jo  <;  <  0.01)  1 

Ji  (!'  <  0.01)  :■  /2  (21) 

Jn  (n  >  2, ■  <  0.01)  0 

The  definition  of  ,rv  from  equation  (20), 
using  the  definition  of  -  from  equation  (18)  and 
the  approximations  of  equation  (21)  becomes 

•;v  <:•  <  0.01)  --  20  log  ( (22) 

Since  al  1  of  the  Jn's  ((*  <  0.01)  with  n  >  2 
are  equal  to  zero,  we  have,  for  all  wi  th  n  >2 

that  .ln/J0  =  0  and 

n  (,  <  0.01)  =  20  log  (0)  =  -  *dBc  (23) 


’his  equation  is  in  the  form  of  a  cosine  of  a 
sine  whi  h  can  be  expanded  in  an  infinite  series 
of  Bessel  functions.1  The  inclusion  of  the  Bessel 
function  expansion  into  equation  (17)  results  in 

V  ( t)  4n  •  ,:,J  i  ;  )  COS  ( 2  •'  F0t)  * 

I,  i  )  [cos  (2  (FQ  *■  fy)t)  - 

:os  (2-  (F„  -  fv)t)  ]  *  (18) 

!j  (  :•  1  ICO*.  (?  (F()  *  2fy)t)  * 

Cos  |2  (F(1  2t  y  )  t )  J  *  .  .  . 


That  is,  for  small  s  ,  most  of  the  power  is 
in  the  carrier  and  a  small  amount  is  in  the  first 
upper  and  lower  sideband. 

Using  the  val  ues  of  the  previous  example 
of  ;  =  2  x  10'Vg,  F  =  5  MHz  and  Ap  =  5g,  the 
value  of,'*  for  several  vibration  frequencies  be¬ 
comes 

;.V(5Hz)  =  -46dBc 
;  v  (25Hz)  --  -60dBc 
v  (50Hz)  =  -6bdBc 
•  v‘  (500Hz)  --  -BbdBc 


tp 

where  r‘  and  is  ...  -j  1  1  *  -  s  the  modulation  index, 

v 

’hi*  first  term  in  equation  (18!  is  the  origi¬ 
nal  .arrier  signal  with  an  amplitude,  relative  to 
its  quiescent  state,  of  JQ  !  .  ).  0o  (  -  j  is  less 
than  .  tor  all  's  greater  than  zero.  The  other 
terms  are  the  'vibration  induced  sidebands''. 
There  ire  sidebands  at  Fg  •  fy,  F0  fy.  *0  *  ?fy, 
F'o  -  2fy,  etc.  The  ratio  of  the  amount  uf  power 
carried  by  the  nth  sideband  to  the  power  remaining 
in  the  carrier  is  denoted  by  y  (pronounced 
script  L)  . 


yn-il  1  Modulation  index 


It  can  be  seen  that  the  sideband  power  ratio 
falls  off  at  b  dB  per  octave  or  20dB  per  decade. 

Measu remen t  o f _v_ 

To  determine  the  value  of  v  for  a  given  di¬ 
rection,  a  measurement  must  be  made  of  for  a 
known  vibration  frequency  and  a  known  peak  accel¬ 
eration  amplitude  in  the  direction  of  interest. 
The  acceleration  sensitivity  coefficient  along 
that  direction  is  then 

or  -'V20 

v  =  (/fM  10  (24) 

p  o 

o-r'y'  can  be  measured  using  the  system  shown 
schematical  1  y  in  Figure  5.  The  essential  com¬ 
ponents  are  the  shake  table,  with  accompanying 
divers  for  applying  a  pure  sinusoidal  vibration, 
■ifid  a  spectrun  analyzer.  The  local  oscillator,  in 
this  example,  is  used  to  translate  the  frequency 
of  the  oscillator  under  test  into  the  acceptance 
range  of  the  spectrum  analyzer.  The  programmable 
controller  and  plotter  are  added  for  operator 
convenience.  The  role  of  the  frequency  multiplier 
will  be  discussed  in  the  next  section.  Figure  b 


(i  is  now  js.’ljl  to  investigate  the  behov*  ■* 


I 


► 


is  a  trace  from  the  spectrum  analyzer  when  a  5MHz 
oscillator  is  vibrated  at  a  level  of  lOg  and  at  a 
frequency  of  100  Hz.  It  can  be  seen  that  x'v  i  s 
-oOdBc,  which  corresponds  to  a  >  of  4.0  x  10""/g 
along  the  direction  of  acceleration. 


1 


w 


Fig.  5  -  Acceleration  Sensitivity  Measurement 
System 


Fig.  6  -  Power  Spectrum  of  a  Resonator  Undergoing 
100Hz,  lOg  Vibration 


of  y  vs.  vibration  frequency  for  an  oscillator 
with  a  mechanical  resonance  at  42SHz.  The  effec¬ 
tive  acceleration  level  at  the  resonator  is  in¬ 
creased,  due  to  the  resonance,  by  nearly  a  factor 
of  17  over  the  applied  acceleration  level.  The 
resonance  in  this  example  was  due  to  mechanical 
support  structure  of  the  circuitry.  Similar  re¬ 
sults  have  also  been  observed  due  to  resonances  in 
the  crystal  mounting  structure. 
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Fig.  7  -  y  vs.  F 


When  this  experiment  is  performed  for  several 
different  frequencies,  and  the  i  's  are  plotted  as 
a  function  of  frequency,  fv,  a  curve  like  the 
one  in  Figure  7  is  obtained.  It  can  be  seen 
that  »  is  independent  of  vibration  frequency.  It 
is  also  independent  of  peak  accelerations  below 
about  50g.  If  the  value  of  y  is  measured  along  3 
mutually  perpendicular  axes,  the  vector,  ,  can 
be  constructed,  which  defines  the  acceleration 
sensitivity  for  that  device. 

Resonance  Phenomena 

The  acceleration  sensitivity  coeffecient  must 
be  measured  over  a  range  of  vibration  frequencies 
to  reveal  any  resonance  behavior  in  the  oscilator 
or  resonator  structure.  Figure  (8)  is  a  plot 


Fig.  8  -  Oscillator  with  a  Mechanical  Resonance 
Large  Modulation  Index 

The  discussion  so  far  has  been  confined  to 
the  case  where  the  modulation  index  p  ,  given 
by  '  F/fy,  is  small.  In  that  case  several  sim¬ 
plifying  approximations  were  made  and  the  sideband 
level  was  given  by  7^  =  20  log  (»Ap  FQ/2fv)  dBc . 
The  question  remains  as  to  what  happens  when  is 
not  small  enough  for  the  approximations  to  be 
valid.  This  can  occur  if  <  ,  F„  or  Ap  is  very 
large  or  if  f  is  small.  One  such  occurence  com¬ 
monly  takes  place  in  systems  whose  frequency  is 
multiplied  to  high  values. 
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Many  systems  have  frequency  sources  in  the 
megahertz  range  and  require  carrier  signals  in  the 
gigahertz  region.  Frequency  multiplication  of 
several  hundred  is  not  uncommon.  if  N  is  the 
frequency  multiplication  factor,  we  can  perform  an 
analysis  similar  to  that  in  equations  (12)  through 
(lb)  where  the  frequency  of  the  carrier  signal  is 
now  mul ti pi ied  by  N. 

Carrier  =  NF(t)  5  N<Fo  +  '  Fp  Cos  l2"  V'*  (25) 

As  in  eq.  ( 14 ) .  we  have 


TABLE  I 


N  *  1,  NFo  °  5,115  MHz 

(52  Hz)  =  -66  dBc 
(10  Hz)  =  -52  dBc 
•>'v1  (6.55  Hz)  =  -48  dBc 
J’J-  (5  Hz)  =  -46  dBc 


N  »  308, NFo  =  1575  MHz 

-rv1  (52  Hz)  =  -16  dBc 
-J’j-  (10  Hz)  =  -0.9  dbC 
^  (6.55  Hz)  =  +  - 
,/v1  (5  Hz)  =  +2.3  dBc 


^carrier^ 


VQcos  (2+  NF0t  + 


NaF, 


-P  )  sin  (2"  fvt) 

'  v 

and,  as  in  equation  (16),  we  have  the  result 


(26) 


lc(t)  --  V0  'J0  (N-  )  cos  (2  NFot)  + 

J !  ( N  f  )  [cos  (2"  (NFo  +fv)t)  (27) 
•  cos  (2+  (NF0  - f v ) t ) ] 


where  i-  -  ,  ApF„/fy,  as  before.  The  relative 
level  for  the  first  sideband  now  becomes 


(  fv)  =20  log 


0  (Nh) 


dBc 


(28) 


If  N  is  still  less  than  0.01,  the  approximations 
made  above  are  still  valid  and  equation  (28)  be¬ 
comes 


csv'  (fv)  --  20  log  (N  !■:  /2 )  (29) 

or-  i 

(fv)  --  20  log  (  v  Ap  F0/2fv)  +  20  log  (N)  (30) 


The  first  term  in  equation  (30)  is  identical  to 
equation  (22).  The  second  term  shows  an  increase 
in  the  sideband  level  by  20  dB  for  every  10X  mul¬ 
tiplication  of  the  frequency. 

In  the  measurement  system  depicted  in  Figure 
5,  the  sensitivity  of  to  frequency  multiplica¬ 
tion  is  exploited  through  the  use  of  a  10X  fre¬ 
quency  multiplier.  The  effective  dynamic  range  of 
the  spectrun  analyzer  is  thereby  increased  by  20 

dB.  Figure  9  is  the  display  from  a  dual  trace 

spectrin  analyzer  showing  the  spectrin  of  an  os¬ 
cillator  being  vibrated  at  100  Hz.  The  curve 
labelled  IX  is  the  direct  output.  The  curve 

labelled  10X  is  the  output  after  frequency  multi¬ 
plication  by  ten.  As  is  predicted  by  the  above 

analysis,  the  sideband  level  increased  by  20  dB. 

If  Nh  is  larger  than  0.01,  the  approximations 
made  earlier  are  invalid  and  the  actual  values  of 
the  Bessel  functions  must  be  commjted.  An  example 
is  provided  by  the  GPS  system.7  The  reference 
source  is  a  5.115  MHz  oscillator  and  the  carrier 
frequency  is  1.575  GHz,  i.e.,  the  multiplication 
factor  is  308.  For  v  -2  x  10' Vg,  Fo  -  5.115MHz 
and,  for  example,  an  A_  of  5g,  the  values  of  the 
resulting  rf"  s  are  listed  in  Table  I. 


At  52  Hz  the  multiplication  affects  only 
slightly  the  value  which  would  be  predicted  by  the 
approximations,  i.e.  (20  log  (308)  ^  +  50  dB).  At 
10  Hz  the  deviation  from  20  log  (N)  is  more 
marked.  A  plus  sign  indicates  that  the  amount  of 
power  in  the  first  sideband  is  greater  than  that 
in  the  carrier.  At  6.55  Hz,  which  corresponds  to 
an  Np  of  2.4,  the  carrier  power  goes  to  zero!  The 
ratio  of  the  power  in  the  first  sideband  to  the 
carrier  power  continues  to  fluctuate  as  NP  is 
increased  as  a  consequence  of  the  oscillatory 
nature  of  the  Bessel  functions. 

It  must  be  stressed  that  it  is  not  the  fre¬ 
quency  multiplication  which  causes  the  redistri- 
butation  of  the  power  from  the  carrier  to  the 
sidebands,  but  rather  the  increase  in  the  modu¬ 
lation  index.  For  a  given  set  of  vibration  condi¬ 
tions,  the  sideband  levels  are  the  same  for  a 
device  with  F0  =  5.115  MHz  and  N=  308  (e.g.  crys¬ 
tal  oscillators),  as  they  are  for  a  device  with  F0 
-  1575  Wiz  and  N  =  1  (e.g.  a  SAW  oscillator). 

Vibration  induced  sidebands  degrade  the  per¬ 
formance  of  Doppler  radar  systems.  These  systems 
rely  on  detecting  small  signals  reflected  from 
moving  targets.  The  signals  are  shifted  in  fre¬ 
quency  from  the  carrier  by  an  amount  proportional 
to  the  velocity  of  the  target.  Sidebands  produced 
by  vibration  are  indistinguishable  from  sidebands 
received  from  targets,  causing  possible  false 
detections. As  is  seen  in  the  next  section,  broad¬ 
band  vibration  will  lower  the  useful  range  of  a 
Doppler  radar  by  raising  the  background  noise 
level  at  the  carrier. 
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Random  Vibration 


In  many  situations,  crystal  oscillators  are 
subject  to  random  vibrations,  i.e.  the  vibratory 
power  is  distributed  over  a  range  of  frequencies 
The  worst  case  condition  is  usually  described  by  a 
power  spectral  density  plot  of  the  vibration  enve¬ 
lope. 


The  power  spectral  density  of  a  vibration  is 
the  mean  square  value  of  the  acceleration  in  i  1 
Hz  bandwidth.  The  power  spectral  density  is 
expressed  in  units  of  gz/Hz.  The  rms  value  of  the 
acceleration  within  a  frequency  band  of  1  Hz 
around  f  is, 

A2rms  =  /  G  If')  df'  (39) 

f-.5Hz 

where  G(  f)  is  the  powt-  spectral  density  of  accel¬ 
eration  at  frequency  f. 


-• 


RESULTANT  SIDEBANO 
LEVEL  EXPECTED  ERflh 
ABOVE  VIBRATION 
ENVELOPE  IN  dBc 


FREQUENCY 

(Hz  WAV  EROC  CARRIER) 


Fig.  11  -  Noise  Expected  From  Vibration  Envelope 
Given  in  Figure  10 


Clock  Error 


The  value  of  the  effective  peak  acceleration 
at  frequency  f  to  correspond  to  the  pure  sine 
value  is 

Ap(  f )  =  ;  (1  Hz  bandwidth)  (40) 

The  ratio  of  the  power  in  one  of  the  1  Hz 
wide  sidebands  to  the  carrier  power,  using  equa¬ 
tion  (22),  and  assuming  small  vibrations,  is 

*7  if)  -  20  loglS/2  A^tf),  FQ/f)  (41) 

(1  Hz  Bandwidth) 

Again,  if  |r|*  2  x  10'^/g,  FQ  =  S.HbMHz,  and 
G(f)  is  as  in  Figure  10,  using  equation  (41)  the 
power  ratio  becomes 

X?  (f)  *  20  log  (7.23  x  10’3  Affls  (f)/f)  (42) 

and  is  plotted  in  Figure  11. 


Acceleration  can  also  lead  to  clock  errors. 
Because  typical  vibrations  have  an  average  accel¬ 
eration  of  zero,  i.e.  as  much  positive  accelera 
tion  as  negative  acceleration,  timing  errors  would 
be  appreciable  only  as  a  consequence  of  an  uni¬ 
directional  acceleration.  Examples  would  be  a 
sharp  turn  by  a  high  performance  aircraft  or  a 
residual  half-cycle  from  a  sinusoidal  vibration. 

Let  us  assume  that  a  constant  accele-ation  A 
takes  place  during  the  time  interval  bet  een  tj, 
and  tj  +  ta.  The  frequency  is,  therefore,  FQ  at 
all  times  except  during  the  acceleration  interval 
when  it  is  F_  *  yFqA.  Since  phase  change  is  a 
measure  of  tne  time  interval,  and  phase  is  the 
integral  of  frequency,  the  phase  change  is 

(t)  =  2  "70  F(t‘)  df  (43) 

As  stated  above, 

F  (t)  =  Fo  ;  t  <  tj  and  t  >  tj  +  ta  (44) 

and 


F  (t)  *  Fo  *  ,F0A  ;  tj  <t  <tj  +  ta  (45) 


POHER  SPECTRAL 
DENSITY  (o'/Hzi 


FREQUENCY  (Hz) 

Fig.  10  -  An  Example  of  a  Random  Vibration 
Envelope 


Using  eqs.  (43)  and  (44)  in  (42),  the  phase  change 
i  s 


1  (t) 


2"  F0t  ♦  2->  FQAta 


(46) 


The  apparent  time  interval,  t',  is  related  to 
the  actual  time  interval  ,  t,  by 


2"  V 


2"  rQt  *  2-  F0>  At,. 
Simplifying  eg.  (47),  we  have 


f  =  t  ♦  f  Ata. 

The  time  error  At,  is  t1  -  t  or 
At  =  Y  At* 


(47) 


(48) 


(49) 


Using  the  previous  example  of  >  =  2  x  10"9/g  and 

an  acceleration  of  5g,  a  typical  value  for  •,  t 
would  be 
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t  10  nsec second  of  acceleration  (r>U) 

This  error  can  be  significant,  since  modern 
sy  tens.  e.<l-  in  high  performance  aircraft,  can 
re  io)  re  nanosecond  synchronization. 

Acce’eration  Sensitivity  Reduction 

There  are  two  classes  of  methods  for  reducing 
the  coefficient  of  acceleration  sensitivity:  (1) 
passive  and  (XI  active.  In  passive  methods,  no 
attempt  is  made  to  sense  the  vibration  or  dy- 
•i  otic  ally  cnanqe  the  output  frequency.  In  active 
si -t hmls ,  an  acceleration  sensor  and  a  feedback 
network  is  used  to  alter  the  oscillator  frequency 
mt  thereby  compensate  for  the  acceleration- 
1  o  :uc  >‘1  I  requenc  y  Shi  f  tS  . 

Table  II  lists  several  of  the  most  actively 
■ nvesti gated  nethods  for  reducing  the  coefficient 
j*  at  cel  erati  on  sensitivity,  separated  into  the 
two  .lasses. 

TAHLI  II 

:’assive  Methods  Active  Methods 

el-cut  Resonators  Varactor  Feedback 

improved  Mounting  Di  rec  t- to-Crystal 

Resonator  Fairs 
Vibration  Isolation 


(FORCING  FR£Q)/(Rr$ONANT  FRT 0 ) 

Fig.  IX  -  Transmi ssi bi 1 i ty  vs.  Vibration  Frequency 
for  Mechanical  Isolation 


The  most  actively  investigated  method  today 
for  reducing  the  acceleration  sensitivity  is  the 
use  oi  the  (doubly  rotated)  SC-cut  of 
quartz .  ,lu  The  SC-cut  is  less  sensitive  to  many 
types  of  stresses  than  the  more  commonly  used  AT- 
cut.  Another  nethod  which  is  receiving  attention 
is  improved  mounting.13,14  Some  success  has  been 
achieved,  most  notably  with  the  BVA  design.13  A 
tnirn  passive  method  which  can  be  used  together 
with  other  nethods.  is  to  use  two  resonators,  with 
their  accel  dilation  vectors,  ,  aligned  anti- 

paral  1  el  .  1  •  The  resul  tan‘  vector  is  then  the 
difference  between  the  two  magnitudes.  When  two 
devices  with  identical  vector  magnitudes  are 
aligned  such  that  the  vectors  are  anti  paral  1  el  , 
the  resultant  acceleration  sensitivity  is  zero. 

The  least  desirable  passive  method  is  me¬ 
chanical  vibration  isolation.  Mechanical  isola¬ 
tion  adds  to  the  size  and  weight  and,  as  is  seen 
in  Figure  IX,  actually  amplifies  the  acceleration 
at  some  low  frequencies.  Vibration  isolation  can 
be  used,  with  or  without  the  other  methods,  in 
cases  where  the  low  frequency  response  of  the 
isolation  system  is  inconsequential. 

both  active  methods  consist  of  an  accelero¬ 
meter  situated  along  the  acceleration  sensitivity 
vector  to  sense  the  magnitude  of  the  scalar 
product  of  and  A  and  an  operational  amplifier  to 
adjust  the  accelerometer  output  level  and  feed  the 
accel erometer  signal  back  to  modulate  the  output 
frequency.  The  difference  is  in  the  method  of 
feedback.  In  the  varactor  method,  an  electronic¬ 
ally  variable  capacitor  is  placed  in  series  with 
the  resonator.  The  accel erometer  derived  feed¬ 


back  signal  is  phase  shifted,  amplified  and 
applied  to  the  varactor  in  such  a  way  as  to  vary 
the  reactance  of  the  oscillating  loop  to  cancel 
the  vibration  induced  frequency  changes.  In  the 
di rect-to-crystal  method, lb  the  processed  acceler¬ 
ometer  signal  is  applied  directly  to  the  resonator 
electrodes.  This  method  exploits  the  vol  taut  sen¬ 
sitivity  of  doubly  rotated  resonators.  '  A 

more  detailed  discussion  of  the  di  rect-to-crystal 
method  and  a  comparison  of  it  with  the  varactor 
method  is  given  elsewhere  in  these  proceedings.  b 

Cone! usion 

We  have  shown  how  acceleration  effects  fre¬ 
quency  standards  and  clocks.  Vibration  effects 
are  significant  even  for  atomic  standards,  because 
the  servo-loop  time  constants  for  these  devices 
are  usually  on  the  order  of  a  few  seconds.  There¬ 
fore,  for  vibration  frequencies  above  a  few  Hz, 
the  servo-loop  cannot  compensate  and  the  vibration 
sensitivity  of  the  atomic  standard  will  be  the 
same  as  that  of  the  crystal  oscillator  in  the 
standard.  Measurements  of  the  vibration  sensi¬ 
tivity  of  atomic  standards  must  therefore  be  per¬ 
formed  dynamically.  For  all  frequency  standards, 
we  have  seen  that  it  is  sufficient  to  measure  the 
acceleration  sensitivities  along  three  mutually 
perpendicul ar  directions.  From  the  three  quan¬ 
tities,  the  acceleration  sensitivity  vector,  r  , 
which  characterizes  the  device,  can  be  calculated. 

The  effect  of  internal  mechanical  resonances 
on  oscillator  performance  has  also  been 
discussed.  These  resonances  must  be  considered  in 
system  design.  Frequency  standards  must  be 
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mounted  in  systems  in  such  a  way  as  to  preclude 
degradation  of  laboratory  performance  in  the  field 
due  to  external  resonances. 

It  is  hoped  that  paper  will  promote  a  stan¬ 
dardization  of  data  reporting  methods  and  speci¬ 
fications.  It  is  recommended  that  the  accelera¬ 
tion  sensitivity  of  frequency  standards  he  speci¬ 
fied  by  the  magnitude  and  direction  of  ,  both 
while  undergoing  a  constant  acceleration,  and 
undergoing  vibration  at  several  frequencies.  The 
location  and  0  of  any  mechanical  resonance  must 
al so  be  reported . 
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VACUUM  PROCESSING  SYSTEM  FOR  QUARTZ  CRYSTAL  RESONATORS* 
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Summary 

An  ultra-high  vacuum  system  has  been 
developed  to  process  quartz  crystal  resonators 
through  electroding  and  sealing  of  the 
enclosures  without  air  exposure.  The  functions 
to  be  performed  in  the  system  are 
ultraviolet/ozone  cleaning,  vacuum  bake, 
deposition  of  gold  electrodes  to  a  specified 
resonant  frequency,  and  therraocompression 
sealing  of  the  enclosure.  Unplated  resonators, 
mounted  in  flatpack  ceramic  frames,  are  loaded 
into  the  system  from  a  controlled  argon 
atmosphere  and  the  completed  units  are  removed 
from  the  system  through  the  same  argon 
atmosphere.  During  normal  operation,  the  inside 
of  the  vacuum  chamber  will  not  be  exposed  to 
air. 

The  major  criteria  in  the  design  of  the 
system  were  established  to  permit  laboratory 
fabrication  of  small  batches  of  resonators  that 
have  been  subjected  to  a  minimum  of  processing 
variables,  have  the  lowest  attainable  internal 
pressure,  and  are  sealed  in  the  cleanest 
environment  that  can  be  provided. 

Key  Words  (for  information  retrieval) 
Ultrahigh  vacuum  system,  Non-air  exposed 
process,  Ceramic  flatpack  crystal  unit. 
Ultraviolet/ozone  cleaning,  Electroding, 
Thermocompression  sealing 

Introduction 

This  paper  describes  a  vacuum  system  which 
has  been  developed  to  process  the  ceramic 
flatpack  crystal  unit.  Figure  1  shows  a  typical 
flatpack  resonator  that  has  been  described 
previously l-14 . 


•The  system  has  been  designed  and  constructed  at 
the  General  Electric  Neutron  Devices  Department 
under  ERADCOM-sponsored  Contract  No.  78-09408. 
The  Neutron  Devices  Department  is  a  Department 
of  Energy  contractor  operating  under  Contract 
DE-AC04-76DP00656. 


The  functions  to  be  performed  in  the  system 
are  ultraviolet /ozone  cleaning,  vacuum  baking, 
deposition  of  gold  electrodes  to  a  specified 
resonant  frequency,  and  thermocompression 
sealing  of  the  enclosure. 

The  design  goals  included  a  mechanism 
capable  of  handling  the  resonator  components 
during  electroding  and  sealing  under  vacuum  with 
a  minimum  of  friction  between  the  moving  parts. 
This  eliminates  the  need  for  dry  lubricants  and 
the  generation  of  metal  particles  that  could 
contaminate  the  crystal.  Another  goal  was  to 
provide  an  entrance/exit  chamber  that  would 
allow  the  vacuum  chamber  to  be  opened  without 
exposing  the  inside  of  the  chamber  and  internal 
fixturing  to  the  atmosphere. 

System  fixtures  include  frame  carriers, 
cover  carriers  and  mask  assemblies  that  have 
provisions  for  alternately  processing  either 
three  5-MHz  units  or  five  20-MHz  units  during  a 
runt. 

Discussion 

In  order  to  achieve  the  design  goal3,  a 
single  tubular  vacuum  chamber  with  an  adjoining 
glovebox  was  developed.  Figure  2  is  an  external 
view  of  the  vacuum  system  and  Figure  3  shows  the 
special  glovebox  attached  to  the  vacuum 
chamber.  The  chamber  is  8  inches  In  diameter 
and  20  inches  long.  Rough  pumping  of  the  system 
is  provided  by  two  molecular  sieve  pumps.  A 
high  vacuum  is  produced  with  a  300-liter/second 
ion  pump  or  a  6-inch  cryopump.  The  high  vacuum 
pumps  may  be  isolated  from  the  system  by  two 
6-inch  all-metal  gate  valves.  There  are  no 
organic  materials  located  in  the  high  vacuum 
part  of  the  system.  In  addition  to  the  normal 
vacuum  measuring  equipment,  an  Inf icon  200  mass 
analyzer  is  used  to  monitor  processes.  The 
glovebox  has  a  clamshell  opening  in  one  end 
whereby  it  may  be  joined  to  the  vacuum  chamber 
during  loading  and  unloading  of  resonators  and 
for  servicing  of  the  evaporation  sources. 


tReferences  to  5-MHz  units  and  20-MHz  units  in 
this  paper  are  to  identify  the  large  ceramic 
flatpack  configuration  (HC-6  equivalent)  and  the 
small  ceramic  flatpack  configuration  (HC-18 
equivalent) . 
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Figure  **  is  .h  cross-sectional  schematic  of 
the  chamber  and  includes  the  fixturlng  that 
provides  tor  motionless  movement  of  the  parts 
within  the  chamber.  The  key  fixture  elements 
are  the  Frame  carrier,  the  cover  carrier  and  the 
sealing  ram  assembly.  The  frame  carrer  is 
essen'ally  a  beam  with  the  appropriate  number  of 
'\av  for  the  resonator  frames;  it  is 

attached  *o  a  10- inch  linear  motion 
Fee  It h rough .  The  cover  carrier  is  a  saddle-like 
devi  *e  that  Fits  -ver  the  frame  carrier  to  align 
ea-  h  pair  >  f  ->vers  with  each  frame  assembly 
pr:  -r  sealing.  The  frame  and  cover  carriers 
are  equipped  with  tungsten  wire  springs  to 
s#*i'un  *  he  resonatr>r  pirt  s  luring  processing. 

The  *w  salves  -f  the  .'over  carrier  are  held 
V  >get  h»»r  with  screws  and  must  be  separated  for 
f-.*  ;  riser*  :  .-r  F  *  he  -overs  and  for  removal  of 
tne  res.-.Mt  ->r  assemblies.  The  sealing  mechanism 
■  -'nil's  F  i  pneumatic  itaphragm  operated  ram 
T.nat  is  bei  i-.ws-sea  le  1  with  the  ram  shaft 
he  i  ring  i  --'at  *».-•  external  to  the  vacuum.  The  ram 
h  ..s.og  ;nc.'jdes  takeout  heaters  located  near 
the  i re i  in  whi^h  the  sealing  takes  place. 

Figure  -  shows  how  the  key  Fixture  elements  are 
brought  together  For  the  sealing  operation. 

A  cover  carrier  lifter  is  located  in  the 
sea.ing  area  and  is  used  to  lift  and  support  the 
c  ver  'arrier  while  the  crystals  are  being 
electroded.  After  the  Frames  are  retracted  into 
the  elect  rod  mg  position,  a  linear  motion  vacuum 
feeUhrcugh  located  in  the  side  of  the  chamber 
is  advanced  to  make  electrical  contact  to  each 
of  *  he  three  rystals  being  eleetroded.  The 
electronic  equipment  used  for  frequency 
measurements  during  tuning  include  a  gain/phase 
measuring  system  that  employs  high  temperature 
thick  film  ceramic  pi  networks  (Figure  b);  those 
networks  are  located  close  to  the  crystals  being 
processed.  Three  pairs  of  gold  charged  tungsten 
filaments  are  used  for  the  electrode  deposition 
sources . 

After  the  electroding  operation  is  completed 
the  frames  are  advanced  to  horizontally  realign 
the  frames  with  the  covers.  The  cover  lifter  is 
advanced  to  lower  the  covers  and  establish 
vertical  alignment.  The  10-inch  linear 
feedthrough  is  then  adjusted  to  a  predetermined 
value  that  allows  thermocompression  sealing  of 
the  first  assembly.  The  procedure  is  repeated 
for  the  remaining  assemblies.  The  sealing  ram 
is  equipped  with  a  swivel  type  plunger  to  allow 
for  slight  variations  in  parallelism  between 
resonator  components  being  assembled. 

The  chamber  may  be  backfilled  with  oxygen 
for  ultraviolet/ozone  cleaning^»^.  Three 
mercury  vapor  lamps  located  inside  the  chamber 
are  designed  to  emit  ultraviolet  light  to 
generate  ozone  and  a  fourth  lamp  emits 
ultraviolet  light  of  a  longer  wavelenth  to 
decompose  the  ozone. 


The  access  end  of  the  chamber  is  equipped 
with  a  10-inch  diameter  vacuum  flange  upon  which 
a  platform  is  mounted.  Figure  7  shows  an 
oblique  view  of  the  platform  assembly  with  the 
frame  carrier  extended  to  expose  the  three 
cavities  for  the  frames. 

Figure  8  is  an  end  view  of  the  platform 
assembly  and  shows  the  basic  equipment  used  for 
electroding.  This  includes  three  mask 
assemblies,  three  movable  pi  network  contact 
assemblies  for  measuring  frequency,  six  gold 
evaporation  sources,  and  bakeout  heaters.  The 
access  flange  also  contains  five  ports  for 
electrical  feedthroughs,  a  shutter  actuator  end 
the  10- inch  linear  motion  vacuum  feedthrough. 

The  10-inch  linear  motion  feedthrough 
supports  the  frame  carrier  that  moves  the 
frame/blank  assemblies  betwen  the  electroding 
zone  and  the  sealing  zone.  The  feedthrough  has 
a  revolution  counter  that  provides  the 
capability  of  controlling  linear  positions 
during  electroding  or  sealing  to  within  0.002 
inch.  The  bearings  for  the  feedthrough  are 
located  external  to  the  vacuum. 

Figure  9  shows  the  frame  carrier  and  cover 
carrier  assembly  with  parts  removed  Trom  two  of 
the  three  positions  to  expose  one  cover  and  one 
eleetroded  frame  assembly.  A  spring  loaded 
retainer  at  the  top  of  each  cavity  holds  the 
cover  in  place. 

Figure  10  shows  the  frame  and  cover  carriers 
with  one  side  of  the  cover  carrier  removed. 

This  exposes  the  spring  loaded  retainers  located 
at  the  top  of  each  frame  cavity  for  holding  the 
frames  in  place.  The  cover  carrier  rests  on  top 
of  the  frame  carrier  to  provide  the  vertical 
alignment  between  the  resonator  components  and 
horizontal  alignment  is  achieved  by  using  a  tab 
and  slot  at  the  upper  right  end  of  the  cover 
carri er. 

The  system  fixtures  include  two  sets  of 
frame  carriers,  cover  carriers  and  mask 
assemblies  that  have  provisions  for  alternately 
processing  either  three  5-MHz  units  or  five 
20-MHz  units  during  a  run. 

Additional  studies  are  planned  for  the 
ultra  violet/ozone  cleaning  process  using  the 
Inficon  200  mass  analyzer.  These  will  provide 
information  to  optimize  the  equipment  and 
processes  in  this  system. 

CONCLUSIONS 

1.  The  system  has  been  operated  for 
approximately  twenty  processing  cycles 
without  any  mechanical  failures. 

2.  A  plating-to-frequency  resolution  of  1  ppm 
is  regularly  achieved  on  5-MHz  fundamental 
resonators . 
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METALLIZATION  OF  QUARTZ  OSCILLATORS 
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Phoenix,  Arizona  85008 


Sunnary 

Utilizing  a  miniature,  rectangular,  4MHz 
quartz  resonator,  various  oscillator  properties 
such  as  frequency,  R  ,  and  Q  were  Investigated  as 
a  function  of  base  metal  thickness,  metal  type 
(gold  and  non-gold),  adhesion  layer  type  and  de¬ 
position  technique. 

For  this  crystal,  the  linear  proportionally 
between  the  thickness  of  CrAu  and  the  lowering  of 
the  frequency  (mass  loading)  deviated  significantly 
above  4000  8  of  metal.  Also,  for  this  CrAu  metal- 
ization  system  an  R  minimum  was  found  near  3800  8 
of  metal.  In  addition  to  gold,  oscillator  pro¬ 
perties  and  temperature  characteristics  were  exam¬ 
ined  for  copper  and  aluminum  metallization.  Aver¬ 
age  Rg  values  for  the  crystals  using  copper  and 
gold  were  50  to  70  ohms  and  for  aluminum  150  to  200 
ohms.  Resistance  measurements  and  Auger  analysis 
of  these  metals  on  quartz  indicated  a  thermal  sta¬ 
bility  to  300°C.  Additionally,  the  concept  of 
batch  processing  to  frequency  (no  'plate  to 
frequency1)  is  evaluated  relative  to  these  studies. 

Introduction 

The  basic  process  of  electrode  formation1  and 
frequency  adjust*"  by  metallization  of  quartz  is  an 
integral  part  of  the  design  and  fabrication  of  most 
oscillators.  For  optimization  of  oscillator  pro¬ 
perties  and  processing  variables,  a  thorough  under¬ 
standing  of  the  interactive  film  properties  is  an 
absolute  requirement. 

To  evaluate  metallization  parameters,  it  is 
necessary  to  distinguish  them  from  the  numerous 
other  design  and  fabrication  parameters  that  effect 
oscillator  properties  such  as  R  .  In  addition  to 
sensitive  variables  such  as  metal  pattern  type^, 
bonding  technique,  and  package  design,  "there  are 
processing  parameters  that  directly  effect  thin 
film  formation  such  as  surface  morphology^  and  sur¬ 
face  cleanliness®  that  must  be  well  controlled  and 
characterized.  To  accomplish  this,  the  frequency, 

R  and  Q  must  be  monitored  after  each  processing 
step  and  correlated  to  physical  measurements  made 
on  the  films  themselves. 

It  is  the  objective  of  this  study  to  empiri¬ 
cally  examine  the  effects  of  metal  deposition  on 
quartz  oscillator  properties.  A  miniature  4  MHz 
oscillator  was  utilized  for  studying  gold  metal¬ 
lization  and  directly  comparing  it  with  other  metal 


electrode  alternatives  such  as  copper  and  aluminum. 
Much  of  the  data  obtained,  however,  is  extendable 
to  metallization  of  quartz  in  general. 

In  addition  to  considering  metal  type  the 
adhesion  layer  type  and  the  deposition  technique 
are  evaluated.  If  the  uniformity  of  deposition 
is  good  and  the  frequency  specification  range  is 
fairly  wide,  the  process  of  batch  coating  to  fre¬ 
quency  (no  individual  'plate  to  frequency')  can  be 
established.  Considered  in  this  study  are  the 
limitations  of  this  batch  processing  concept  for 
various  metal  types. 

Fabrication  and  Testing 

Crystal  Design  The  crystal  utilized  as  a 
process  development  vehicle  was  a  vertically  mount¬ 
ed,  AT  cut,  rectangular  crystal  similar  in  design 
to  that  described  by  Zumsteg.  The  crystal  is 
mounted  on  a  header  as  shown  in  Figure  1.  For  ease 
of  processing,  the  metal  was  not  patterned;  the 
metal  fully  covered  both  sides  of  the  crystal.  The 
lead  was  attached  to  the  electrode  with  a  conduct¬ 
ive  epoxy  cured  near  100  C  and  the  crystal  was 
additionally  supported  at  the  base  with  a  non- 
conductive  epoxy.  The  crystal  vibrated  in*  thick¬ 
ness  shear  mode  coupled  with  a  third  overtone 
flexure  mode  at  a  frequency  of  4.194  MHz. 

Processing  In  this  study,  oscillator  proper¬ 
ties  were  measured  after  each  processing  step. 

The  Initial  blank  frequency  was  first  measured  by 
driving  the  crystal  across  an  air  gap  with  equip¬ 
ment  made  by  Conner  Electronics.  The  blank  was 
then  etched  with  ammonlmum  biflouride  as  a  means 
of  improving  surface  quality1®  and  the  frequency 
was  measured  again.  The  metal  films  were  then 
deposited  by  either  resistive  heating  evaporation 
(a  Varian  3120  system)  or  sputtering  (a  Sloan  sput¬ 
ter  gun).  After  metallization  the  crystals  were 
lightly  clamped  into  a  fixture  (for  metal  contact) 
and  the  frequency  and  R  were  measured  with  a 
Saunders  150B  crystal  monitor.  Additionally,  the 
fixture  was  pumped  down  to  100  millltorr  in  order 
to  simulate  an  evacuated  package  environment. 

After  mounting  the  crystal  to  the  header,  the  fre¬ 
quency  and  R  are  again  measured  under  vacuum.  An 
average  lot  size  represents  the  characterization 
of  40  to  60  oscillators. 

Gold  Metallization 

Oscillator  properties  for  a  set  of  quartz 
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devices  with  Cr-Au  electrodes  4335  X  thick  (600  X 
Cr  +  3735  X  Au)  are  shown  in  Table  I.  Each  one  of 
the  values  represents  an  average  of  50  oscillators 
with  a  standard  deviation  of  0.002  MHz  for  fre¬ 
quency  and  10  oluns  for  Rs .  As  shown,  the  frequency 
is  raised  by  28  KHz  from  the  thinning  of  the  cry¬ 
stal  bv  the  etch  and  the  frequency  is  lowered  by 
50  KHz  from  the  mass  loading  of  the  metal.  With 
the  typical  Rs  requirements  of  less  than  100  ohms 
for  a  miniature  crystal  of  this  type,  50  ohms  Is 
well  within  specifications.  When  connecting  the 
leads  to  the  crystal  with  epoxy,  there  is  a  damp- 
e.  ing  effect  which  raises  the  Rs  from  10  to  30%. 
Again,  the  metallized  crystal  measurements  were 
made  at  a  pressure  of  less  than  100  millitorr,  and 
for  this  particular  crystal  the  Rg  lowers  by  a 
factor  of  3  or  4  when  going  from  one  atmosphere  to 
100  millitorr  pressure. 

OSCILLATOR  PROCESSING 
WITH  4335A  Cr-Au  METALLIZATION 

f(MHl)  R.(OHMS)  C,(p»> 

BLANK  4.220 

BLANK-AFTER  ETCH  4.248 
•METALLIZED 

(UNMOUNTED)  4.197  52.9  0.0033 

•MOUNTED  4.195  59  2  0.0036 


216.450 

178,063 


•TESTED  UNDER  VACUUM 


The  lot  shown  in  Table  I  was  evaporated  gold; 
however,  a  run  with  a  similar  lot  size  using  sput¬ 
tered  gold  gave  an  Rg  value  within  the  standard 
deviation.  There  is  nothing  inherent  in  improving 
Rs  with  sputtered  films;  however  sputtering  is  the 
preferred  technique  for  electrode  formation  due  to 
better  adherence  properties  and  better  run  to  run 
reproducibil ity . The  more  common  intermediate 
layers  used  for  better  adherence  of  gold  to  quartz 
are  chrome*-*  and  titanium-palladium.*^  In  this 
study  it  was  found  that  a  thin  (50  X)  sputtered 
layer  of  T iW  also  gave  excellent  adherence 
propert ies . 


Mass  Loading  For  a  crystal  that  vibrates  in 
the  thickness  shear  mode  there  is  a  classical  re¬ 
lationship  by  Sauerbrey*^  for  change  in  frequency 
with  coating  of  the  crystal.  This  shift  is  pro¬ 
portional  to  the  ratio  of  the  thickness  of  the 
metal  to  the  thickness  of  the  quartz  times  the 
ratio  of  the  density  of  the  metal  to  the  density 
of  the  quartz: 


fl 

TS 


t  ■  frequency  shift 


fq  ■  frequency  of  quartz  with  no  metal 


Tf|  *  thickness  of  metal  film 
Tq  *  thickness  of  quartz 


dfj  •  density  of  metal 


dq  *  density  of  quartz 


Using  this  equation  for  Cr-Au  the  frequency  shifts 
10  KHz  per  1000  X  of  film  deposited,  as  shown  in 
Fig.  2  (marked  theoretical).  Sauerbrey's  equa¬ 
tion  has  been  refined*®  to  include  the  acoustic 
impedance,  Z,  of  the  metal  and  correct  for  non¬ 
linearity  found  when  depositing  thicker  films. 

Figure  2  also  shows  empirical  data  when  starting  at 
one  blank  frequency  and  metallizing  to  different 
frequencies  by  depositing  different  thicknesses  of 
metal.  Again  each  one  of  these  points  represents 
50  to  60  oscillators  with  a  standard  deviation  of 
10  KHz.  The  simple  linearity  appears  to  hold  fair¬ 
ly  well  below  4000  X  of  film.  There  is  a  compli¬ 
cation  in  addition  to  acoustic  impedance  of  the 
metal,  that  is,  different  modes  of  vibration  (other 
than  thickness  shear)  will  have  different  sensitiv¬ 
ities  to  mass  loading.  With  a  coupled  flexure  mode 
for  this  particular  cyrstal  there  could  be  non- 
linearities  in  frequency  shift  associated  with  this 
mode  of  vibration. 

A  second  set  of  experiments  is  shown  in  Figure 
3  in  which  the  blank  frequencies  varied  in  such  a 
way  that  for  each  Increment  of  metal  thickness,  a 
frequency  of  4.194  +  .003  MHz  was  obtained.  Again 
the  deviation  from  linearity  above  4000  X  was 
observed . 

Rg  Minimum  For  each  of  the  oscillators  that 
was  metallized  to  4.194  MHz,  an  Rs  and  Q  was  meas¬ 
ured.  A  least  squares  fit  of  metal  thickness  vs 
Rg  gives  the  classic  R  minimum  shown  in  Figure  4. 
With  the  many  factors  that  effect  Rg  other  than 
metallizat ion* the  minimum  shifts  easily  from  lower 
to  higher  values  of  Rs;  however,  for  this  particul¬ 
ar  crystaL  the  thickness  minimum  was  consistently 
between  3500  X  and  4000  X  of  CrAu. 

As  the  films  increase  in  thickness,  the  Rg 
increases  due  to  the  mechanical  dampening  from  the 
weight  of  the  metal  becoming  a  dominant  factor.  As 
the  film  becomes  thinner, the  theory*^  is  that  the 
resistance  of  the  film  contributes  significantly  to 
raising  Rs .  Even  with  a  film  thickness  of  300  X; 
however,  the  resistance  is  less  than  an  ohm  and  will 
not  contribute  significantly  to  the  Rs.  A  discon¬ 
tinuous  film  would  have  significant  resistance,  yet 
the  films  in  this  study  were  continuous  down  to 
1000  X.  Additionally,  nucleation  and  growth  stud¬ 
ies  of  goldlS  have  shown  that  continuous  films  are 
grown  after  only  a  few  hundred  angstroms.  This  de¬ 
pends  on  substrate,  temperature,  etc-,  but  a  con¬ 
tinuous  film  is  normally  seen  well  below  500  X. 
Further  studies  of  the  microstructure  of  the  films, 
such  as  grain  si2e  and  grain  directionality,  sur¬ 
face  morphology  and  film  uniformity  are  necessary 
for  evaluating  the  localized  electrode  variations 
which  cause  a  rise  in  Rg. 

Non-gold  Metallization 

In  considering  alternatives  to  gold,  the 
metals  which  have  both  the  lowest  resistivity  and 
the  lowest  modules  of  elasticity  are  copper,  alum¬ 
inum  and  silver.  These  properties  are  shown  in 
Table  II.  The  conductivities  of  these  metals  are 
fairly  similar,  however,  the  densities  of  these 
materials  vary  widely  resulting  In  advantages 
and  disadvantages  for  each.  For  this  particular 
study,  the  less  expensive  metals,  copper  and  alum- 
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inum  worr  character  ized  for  direct  tompar  I  son  with 
go  III  . 

ELECTRODE  PROPERTIES 


MODULUS  OF 

DENSITY 

RESISTIVITY 

ELASTICITY 

(gem3) 

(MICROHM-CM) 

(PSI  x  10*) 

METAL 

GOLD 

19.32 

2  35 

11  6 

COPPER 

8.92 

1.67 

16 

ALUMINUM 

2  70 

2  65 

9 

SILVER 

10.49 

1  59 

11 

TITANIUM 

4  50 

42 

16.8 

CHROMIUM 

7.20 

129 

36 

{ -ill'll 

Three  s«- 

t  s  ,»f  osc  i  1  ] at 

ors  with  copper 

electrodes  are  shown 

in  Table  111. 

Again,  each  one 

of  these  values  represents  an  average  of  50  to  60 

measurement s 

.  The  copper  was  sputter  deposited; 

using  a  1‘iW 

adherence 

layer.  With 

a  deposition  of 

4 .on  X  of  ,  o 

pper  the 

f  requenev  was 

linearly  propor- 

tional  to  th 

e  density 

relative  to  gold  (half  the 

density,  hall  the  shift).  In  other 

words,  Sauer- 

brey's  relal 

ion  was  applicable  at  this  thickness. 

SPUTTERED  TiW-Cu  COATINGS  —  4400A 


f(MHz) 

R,(OHMS)  C,(p() 

Q 

1  )BLANKS 

4  293 

UNMOUNTED 

4  265 

48  5 

0  0033 

235.000 

MOUNTED 

4.264 

650 

0.0033 

174.000 

2)  UNMOUNTED 

4.191 

63 

0.0029 

215.630 

SPUTTERED 

o 

c 

1 

10,0QOA 

3)  UNMOUNTED 

4221 

108 

0.0029 

120.075 

One  lot  fabricated  on  frequency  (4.194  MHz) 
and  one  slightly  off  frequency,  both  gave  good  Rs 
values.  As  can  be  seen,  the  Rs  went  up  signifi¬ 
cantly  with  mounting.  A  deposition  made  with  no 
intermediate  layer  resulted  in  poor  adherence 
(peeling,  etc.)  and  the  average  Rg  was  higher.  An 
additional  contribution  to  the  high  Rs  for  this 
lot  was  the  thicker  film  contributed  to  mechanical 
loading  -  the  film  was  not  in  the  Rs  minimum  ’well* 
as  described  with  gold. 

The  oscillator  properties  of  copper  were 
found  to  be  equivalent  to  gold  in  many  respects. 

The  exception  to  this  being  coppers  stability  in 
air.  Copper  will  continuously  absorb  water^;  if 
tight  frequency  control  is  necessary  copper  is 
difficult  to  process.  The  copper  coated  oscill¬ 
ators  in  this  study  were  vacuum  cured,  stored  in 
vacuum  and  built  into  evacuated  packages;  with 
these  processing  precautions  the  devices  were  quite 
stable. 

Aluminum  The  resonators  with  sputtered  alum¬ 


inum  coatings  consistently  gave  high  Rs  values,  as 
shown  in  Table  IV.  Shown  are  three  lots  at  differ¬ 
ent  width  to  thickness  ratios.  The  best  Rs  values 
obtained  were  at  a  w/t  of  2.9.  An  oxide  cap  forms 
on  aluminum  which  increases  the  contact  resistance 
from  tlie  lead  to  the  film  by  a  few  ohms.  This  is 
not,  however,  a  significant  addition  to  the  Ks 
value.  A  possible  explanation,  is  that  a  stress 
point  is  created  in  the  bonding  area  where  punch 
through  occurs  in  the  oxide,  resulting  in  localized 
differences  in  motional  resistance.  The  Ks  minimum 
well  does  broaden  with  aluminum,  yet  thickness 
loading  is  .1  partial  contributor  t<>  the  high  Rs 
va  1  ties . 

SPUTTERED  ALUMINUM  COATINGS  —  9800A 


f(MHz) 

R.(OHMS) 

Ct(pf) 

0 

1)  BLANK 

4.224 

UNMOUNTED 

4.208 

138.7 

00031 

88.500 

MOUNTED 

4.208 

183.6 

0.0031 

66.030 

2)  BLANK 

4.315 

UNMOUNTED 

4.300 

183.7 

0.0036 

55.970 

MOUNTED 

4.300 

237  7 

0.0037 

42.010 

3)  BLANK 

4.215 

UNMOUNTED 

4.199 

204.8 

0.0052 

35.540 

MOUNTED 

4.199 

322 

0.0051 

23.070 

Aluminum  has  many  desirable  features  including 
being  inexpensive,  having  a  good  acoustic  impedance 
match  to  quartz,  and  having  the  option  of  being 
anodized  for  final  frequency  adjust.^  With  the 
proper  bonding  techniques  aluminum  is  quite  useful 
as  an  electrode  material  and  one  such  technique 
is  ultrasonic  bonding  which  breaks  through  the 
oxide  and  leaves  a  very  low  resistance  bond.  Pack¬ 
ages  are  being  designed  utilizin'  this  bonding 
concept . 

The  R  values  obtained  with  these  three  metals 
for  a  4.194  MHz  +  .003  crystal  is  shown  in  Table  V. 
Again  these  values  represent  50  to  60  oscillators 
and  the  Rs  standard  deviation  is  10  to  20  ohms. 

Gold  and  copper  are  nearly  equivalent  with  aluminum 
being  less  desirable  with  this  bonding  type. 

PACKAGED 

OSCILLATORS  —  4.194  MHz 


METAL  R,  (OHMS) 


EVAPORATED  Cr-Au  60 

(3000A) 

SPUTTERED  TIW-Au  73 

poooA) 

SPUTTERED  TiW-Cu  65 

(4700A) 

SPUTTERED  AL  1*3 

(MOO  A) 


Thermal  Stability  The  temperature  character¬ 
istics  in  air  of  these  metals  on  quartz  are  shown 
in  Figure  5.  The  sheet  resistance  of  the  copper 
goes  up  dramatically  above  300°C  and  it  goes  up 
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significantly  for  gold  also  above  350°C.  Both 
aluminum  and  silver  are  stable  to  500  C.  Explana¬ 
tion  of  these  results  can  be  seen  in  the  analysis 
that  follows.  Figure  6  Is  a  depth  profile  of  an 
aluminum  film  obtained  with  Auguer  Electron  Spec- 
trocopy  (combined  with  incremental  sputtering  into 
the  film).  To  the  left  is  the  surface  of  the  film 
where  an  oxide  cap  on  the  film  is  evident.  This 
keeps  aluminum  films  stable  in  air  through  500°C. 
Silver  is  stable  relative  to  oxygen  and  showed  no 
interesting  reactions  or  diffusion  up  to  300  C. 

In  Figure  7  it  can  be  seen  that  at  300°C  tin 
copper  begins  to  take  in  oxygen  and  at  330  C  it  is 
completely  converted  into  the  copper  oxide 
which  results  in  high  sheet  resistance.  The 
analysis  of  the  Cr-Au  sample  as  shown  in  Figure  H 
indicates  the  diffusion  of  chrome  through  gold  at 
330  C  and  the  subsequent  formation  of  CrO  on  the 
surface.  This  is  the  reason  for  the  gradual  in¬ 
crease  in  sheet  resistance  of  the  film  and  can 
result  in  bonding  reliability  problems.  Studies 
of  the  Cr-Au  system  have  shown  chrome  to  diffuse 
through  gold,  even  at  temperatures  well  below 
300°C . “ *  For  long  term  stab i 1 i ty ,  if  the  c  rystal  is 
going  to  see  temperature  variations,  TiW-Au  or 
Ti-Pd-Au  are  the  preferred  metallization  systems 
to  use. 

Ks  Minimum  A  positive  aspect  of  utilizing 
metals  1 TgTT 1  e r~ than  gold  is  shown  in  Figure  9.  For 
a  first  order  approximation,  these  metals  have 
similar  conduct i v i t ies  and  similar  nucleation  and 
growth  charac ter i st ics .  The  Rs  vs  thickness  curve 
will  then  have  a  minimum  which  broadens  proportion¬ 
al  only  to  density  change.  For  example,  aluminum 
will  have  a  mechanical  dampening  effect  (that  will 
raise  the  Rs)  at  much  thicker  films  relative  to 
gold. 

Bat  cli  Pro  cess  1  ng 

Batch  processing,  within  the  context  of  this 
study,  is  defined  as  metallizing  a  large  number  of 
crystals  to  frequency  with  one  deposition.  In 
other  words,  there  is  no  individual  'plate  to  fre¬ 
quency*  steps.  The  limits  to  batch  processing  are 
established  in  Figure  10.  This  concept,  of  course, 
depends  on  the  initial  frequency  specification 
range  (shown  in  ppm),  the  uniformity  of  the  depos¬ 
ition  system  and  the  density  of  the  film.  The 
best  sputtering  systems  available  today  have  non¬ 
uniformities  (from  run  to  run  or  across  the  depos¬ 
ition  chamber)  to  within  +  4%.  This  means  that 
with  gold,  the  best  that  can  be  obtained  is  a  40 
ppm  range.  For  aluminum;  however,  with  a  variation 
of  +  4%,  the  crystals  will  be  within  a  few  parts 
per  million.  The  process  then  becomes  more  of  an 
etch  to  frequency  (of  the  blank)  which  Is  also  a 
batch  process.  It  was  found  that  an  etching 
frequency  range  could  be  compensated  for  by  the 
metal  thickness  distribution  In  the  deposition 
system  and  even  do  better  than  Fig.  10  implies. 

Cone luslons 

For  the  4.194  MHz  crystal  under  study,  the 
frequency  shift  with  respect  to  thickness  had  a 
significant  deviation  from  linearity  above  4000  X 


of  Cr-Au,  and  the  Ks  minimum  was  found  to  be  at  a 
thickness  of  4000  X  of  Cr-Au.  Directly  comparing 
the  oscillator  properties  of  gold,  copper  and  alum¬ 
inum  electrodes,  it  was  determined  that  copper  and 
gold  gave  equivalent  Ks  values,  as  long  as  the 
copper  was  processed  properly.  The  aluminum  foaled 
oscillators  consistently  gave  high  Rs  readings. 

The  temperature  stability  of  these  metals  on  quartz 
was  found  to  be  good  up  to  300  C .  Also,  consider¬ 
ing  the  improvements  in  deposition  systems,  the 
concept  of  batch  processing  of  quartz  oscillators 
was  estab l ished . 
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SUMMARY 

The  first  rotation  for  the  cuts  RT,  FC,  IT 
and  SC  is  made  slightly  different  from  usual. 
After  the  first  slightly  different  rotation 
one  gets  netplanes  parallel  to  the  X'-axis. 
Quarter-dircle  diagrams  were  made  for  the 
netplanes  and  cuts  similar  to  the  half-circle 
diagrams  for  the  singly  rotated  cuts.  To  get 
similar  temperature  frequency  relations  as 
for  the  original  cuts  it  is  necessary  to 
correct  the  second  rotation  appropriately. 

By  making  a  section  with  the  faces  Z  and  X' 
we  have  similar  relations  for  the  X-ray 
goniometry  as  by  making  a  section  with  Z  and 
X  faces  for  singly  rotated  cuts.  These 
modified  cuts  have  about  the  same  properties 
as  the  unmodified.  It  is  easier  to  make 
these  cuts. 

INTRODUCTION 

The  fast  warmup  behavior  of  an  OCXO  with  the 
modified  SC  (MSC)  resonator  is  not  obviously 
different  from  the  behavior  of  an  OCXO  with 
SC  resonators.  The  MSC  and  MIT  cuts  are  to 
propose  for  TCXO's  (better  transient  tempe¬ 
rature  behavior).  The  inductance  of  the 
modified  RT  cut  (MRT  cut)  is  about  30  times 
higher  and  the  quality  factor  is  about 
4  times  higher  than  for  AT.  The  temperature 
frequency  behavior  for  this  cut  is  good. 

All  the  properties  mentioned  above 
predestinate  this  cut  for  very  narrow  band 
f l 1 ters . 


The  Modified  Cuts 

The  following  table  contains  ne  unmodified 
doubly  rotated  cuts  (2, 3, 4, 5, 6)  and  the 
modified  doubly  rotated  cuts  with  the  angles 
of  first  rotation. 


The  Cuts 


Unmodified 

Modified 

Cut 

First  rot. 

Cut 

First  rot. 

RT 

±  15° 

MRT 

±13°54' 

FC 

±  15° 

MFC 

+13°54' 

IT 

±  20° 

MIT 

±19°06' 

SC 

±  22° 

MSC 

±23°25’ 

Fig.),  Fig. 2,  Fig. 3  and  Fig. 4  demonstrate  the 
geometrical  relations  for  the  modified  doubly 
rotated  cuts  in  the  XY  plane. 


Fig.l  Geometrical  relations  in  the  XY  plane 
for  the  MRT  cut. 
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Fig. 2  Geometrical  relations  in  the  XY  plane 
for  the  MFC  cut. 


Fig. 3  Geometrical  relations  in  the  XY  plane 
for  the  MIT  cut. 


Fig. 4  Geometrical  relations  in  the  XY  plane 
for  the  MSC  cut. 


As  can  be  seen  in  the  table,  the  first 
rotation  has  two  signs.  That  means  that 
there  are  two  geometrically  different  cuts 
with  the  same  properties.  Figs.  1  to  4  demon¬ 
strate  the  case  with  negative  first  rotation. 
The  X'-axis  is  parallel  to  the  netplanes. 

The  first  rotation  is  round  the  Z-axis.  The 
X'-axis  is  the  intersection  line  of  the  cut 
and  the  XY  plane.  The  intersection  line  of 
the  netplanes  with  the  XY  plane  is  parallel 
to  the  X'-axis.  The  angle  between  this  line 
and  the  X-axis  is  also  the  angle  of  first 
rototion.  The  second  rotation  is  round  the 
X'-axis.  The  netplane  data  are  taken  from  a 
paper  of  the  author  presented  at  the 
Symposium  1980  (7). 
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Summary 

The  ongoing  development  of  an  automated 
x-r.iv  orientation  system  for  accurate  measure¬ 
ment  of  the  angles  of  cut  of  doubly  rotated 
(e.g.,  SC-cut)  quartz  crystal  plates  is  de¬ 
scribed.  The  goal  of  this  development  is  a 
prototovpe  instrument  capable  of  determining 
the  conventional  angles  of  cut  to  within 
+  lo  arc  seconds  of  accuracy  for  the  SC  cut, 

+  6  seconds  for  the  AT  cut,  and  +  30  seconds 
for  the  other  cuts  on  the  0>0°  bulk  wave  zero 
temperature  coefficient  locus.  Determinations 
are  to  be  made  at  a  rate  of  a  least  30  plates 
per  hour.  These  plates  are  assumed  to  be  pre¬ 
cut  to  within  about  of  the  correct  orienta- 
t  i  on . 

The  design  chosen  is  tliat  of  a  laser -as¬ 
sist  ed  Uiue  dif  f  ractomct  er  under  control  of  a 
dedicated  minicomputer.  Use  of  the  l>aue  method 
requires  only  a  single  degree  of  freedom  in  the 
motion  of  the  crystal  plate  leading  t-’  a  flexible 
and  n*  lat  i  v*‘l  open  design. 


Intr.ujuci  ‘on 

ir  this  paper  we  describe  the  ongoing  develop¬ 
ment  !  a  laser-assisted  I«aue  diffractometer  for 
a<i  ur.it «'  automated  measurement  of  the  angles  of 
ctit  of  quartz  crystals,  including  double  rotated 
•  •  n  t  s . '  The  device  to  he  described  utilizes  the 
x-ray  diffraction  pattern  from  the  crystal  in  a 
dif  f  •  rent  manner  t  lian  convent  tonal  or  ientat  ion 
cqu  ipmen t ,  by  employing  a  continuous  x-ray  spec¬ 
trum.  This  lane  approach'  gives  rise  to  a  number 
i*f  design  advantage’s,  as  outlined  below. 

lie s  h*n  1  -on  1  s 

The  task  t.<»  be  performed  is,  given  a  blank  cut 
to  within  about  +  IS1  of  the  desired  orientation 
angles,  to  measure  these  angles  to  a  few 

arc -seconds  accuracy  in  order  to  determine  the 
<orrecti«’ns  required  to  yield  the  desired  angle 
of  cut.  These  angles  are  shown  in  Fig.  1.  The 
orientation  of  the  face  of  the  blank  with  respect 
lo  the  crystal  laltir.  is  determined  by  ‘  and 
u*  f  ined  in  terms  of  a  thickness  vector,  t,  which 
is  to  be  oriented  along  the  Y-axis  before  the 
blank  is  cut  in  the  X-Z  plane.  The  axis  normal 


to  the  face  of  the  cut  blank  is  denoted  by  y;  thus, 
rotation  about  is  rotation  of  the  blank  about  the 
normal  to  its  face.  Note  that  by  specifying  the 
orientation  of  two  planes  within  the  crystal,  i.t 
this  case  the  001  and  010,  the  default  orientation 
of  the  crystal  has  been  determined  completely.  In 
general,  the  orientation  of  a  crystal  lattice  with 
known  unit  cell  constants  can  be  completely  speci¬ 
fied  by  the  normals  to  any  two  non-col  inear  crystal 
planes . 

The  major  objectives  of  the  development  to  be 
described  are  as  follows: 

1.  Prototype  System.  A  prototype  instrument 
is  to  be  delivered  upon  completion  of  the  project. 

2.  Types  of  Blanks.  The  system  should  be 
able  to  measure  both  singly  and  doubly  rotated  cuts 
of  general  orientation,  and  in  particular  any  cut 
on  the  bulk-wave  zero  temperature  coefficient  locus. 
It  must  be  adaptable  to  a  variety  of  blank  sizes, 
and  thicknesses  ranging  from  53  microns  to  2  mm. 

3.  Accuracy  and  Reproducibility.  The  accur- 

acv/reproducibility  of  the  measured  angles  of  cut 
required  aie  10"/4"  for  SC-cut  blanks,  6"/3"  for 
AT  cuts,  and  30"/15"  for  other  cuts  on  the  ••  0 

branch  of  the  bulk-wave  zero  temperature  coeffi¬ 
cient  locus. 

4.  Measurement  Rate.  These  determinations 
are  to  be  made  at  a  rate  of  50  blanks/hour,  for 
doubly  rotated  cuts. 

Thus,  greater  flexibility  and  accuracy  than 
commonly  found  in  conventional  x-ray  orientation 
equipment,  while  maintaining  rates  suitable  for  a 
production  environment  have  been  the  major  design 
considerat ions. 

The  Lauc  Method 

The  approaches  invest igated  for  this  applica¬ 
tion  fall  into  two  classes:  those  utilizing  con¬ 
ventional  Bragg  diffraction  of  monochromatic  x-ray 
sources,  and  those  utilizing  Lauc  diffraction  of 
"white"  radiation  such  as  that  obtained  from  a 
tungsten-target  x-ray  tube  operated  below  the  char¬ 
acteristic  K-line  potential. 
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■  .m‘»'  ■  ’-howii  in  i-ig .  .  Hu  d  if  f  rac  t  ion  i  roni  t  hr 

’*  i  >  t  planes  represented  bv  t  hr  relied  inr  plane 
in  the  :  iguro  serves  l*>  "sift  out’*  a  narrow  hand 
't  the  incident  x-rav  spectrum  at  the  posit  ion  of 
the  diffraction  maximum  (or  "reflection").  As  the 
>  ra  tal  orientation  is  rltaneed  the  position  of  the 
t  «■  t t  ion  1'iuiii^'s,  "tuning,"  through  the  incident 
•  e-e ct  rum  ir.  the  process.  In  the  monochromat  i< 
is--,  t  iie  ret  led  ion  is  observable  on  1  v  over  t  liat 
"a  narrow  ranee  of  ervsta!  orientation  where  it 
tan  in.;  through  the  charact  or  ist  ir  line.  Thus, 
u  ientation  of  a  crystal  hv  the  Bragg  nu-tho«l  in 
t  he  .an  era  l  ease  requires  three  decrees  of  freedom 
in  ■.  r  i-tal  mot  ion,  in  ord-T  to  produce  the  diffrar- 
t  iuv  cotniit  ion.  In  contrast  ,  it)  the  Unit-  case,  tin* 
posit  ion  o|  the  snot  can  he  followed  as  the  orien¬ 
tal  ion  •  the  <‘ryst.il  is  chunked,  thus  permitting 
the  di’sired  measurements  without  nnv  crystal  motion 
»;e.irnl  spec*  i  f  i  ca  1 1  v  toward  produe  tng  a  diffracting 
condit  ion.  'Hie  Lane  net  hod  can  therefore  lead  to  an 
open,  relatively  inexpensive,  and  easilv  automated 
ie-i,;n  hecau.e  of  the  less  complex  crystal  handling 
re  .wired.  In  practice,  many  blanks  we  must  deal 
with  are  round,  and  an  initial  search  in  >  is  re¬ 
quired  to  locate  the  desired  reflections.  Thus, 
tile  Iwuie  met  hod  c.an  he  implemented  with  only  a 
single  rotarv  motion  of  the  blank  about  \  . 

Pu1  major  disadvantage  of  the  Uiue  method  is 
that  tiie-  diffracted  intensities  arc*  weaker  due  to 
the  absence  of  the  characteristic  K-line.  As 
discussed  below,  this  problem  can  be  largely  alle¬ 
viated  by  careful  choice  of  instrument  geometry. 

The  manner  in  which  t lie  measured  laue  spot 
positions  arise  from  the  crystal  latt  ice  or ienta- 
t ion  is  shown  more  clearly  in  Fig.  3,  which  shows 
one  of  the  many  reflections  in  a  l-aue  pattern  in 
traditional  back-reflection  geometry.  The  angles 
«,  ,  and  ,  represent  small  incremental  changes 

in  tin*  crystal  orientation.  The  resulting  posi¬ 
tional  change  in  the  diffraction  maximum  is  the 
same  as  if  reflection  were  occurring  from  a  mirror. 
At  a  300  mm  crystal -detector  distance  the  x-ray 
spot  moves  about  3  microns  for  each  arc-second 
c  hange  in  crystal  or  ient at  icon .  For  example,  to 
achieve  10  arc-second  accuracy  the  spot  position 
must  be  measured  to  within  30  microns. 

A  conceptual  method  for  completely  determining 
the  crystal  lattice  orientation  was  thus  arrived 
at  as  shown  in  Fig.  again  in  traditional  back- 
reflection  geometry.  The  disc-shaped  blank  is 
mounted  on  a  rotary  stage.  Two  x-ray  detectors 
with  apertures  large  enough  (e.g.  +  1  )  to  accom¬ 
modate  mounting  errors  as  well  as  the  error  in  the 
angles  of  cut  are  positioned  so  tliat  only  at  some 
unique  i*  will  two  reflections  enter  the  counters 
simultaneously.  The  exact  position  of  each  reflec¬ 
tion  within  its  counter  is  then  determined.  From 
this  information  the  normals  to  the  two  sets  of 
diffracting  planes,  and  thus  the  orientation  of  the 
crystal  lattice,  can  he  computed. 

Assuming  that  the  p -ax i s  of  the  blank  r.oin- 
f  ides  exactly  with  the  stage  rotation  axis,  the 
angles  of  cut  have  been  determined.  However,  due 
to  errors  in  mounting,  this  may  not  be  the  case. 


and  a  method  of  rnrivct  ion  for  such  an  error  is 
needed.  Reflect  ion  of  a  laser  beam  from  t he  face 
of  tin-  blank  a*  it  is  rotated  about  y  provides  this 
information.  Hie  method  of  laser-assisted  dfffrac- 
tornetrv  has  been  described  by  Vfg.  * 

The  measurements  are  complicated  by  the  fact 
that  blank*;  are  not  necessarily  supplied  along  with 
information  toiuerning  which  fare  is,  for  example, 
tin-  +X  face.  lurning  the  blank  over  gives  rise  to 
a  mirror  image  diffract  ion  pattern,  as  shown  in  the 
simulated  SC-cut  patterns  in  Fig.  3a,  h,  which  < or  - 
respond  t o t he  detector  plane  in  Fig.  4.  A  minimum 
of  three  detectors  is  thus  needed  to  account  for 
this  front /rear  ambiguity,  with  one  detector  posi¬ 
tioned  on  the  mirror  plane. 

Pre-Des  Kxper  iinent  s 

Pat  t  ern  SJLmu  1  at  i on s 

The  requirement  that  detectors  be  positioned 
such  that  reflections  enter  the  counters  simultan¬ 
eously  at  only  one  unique  p  prompted  development  of 
techniques  for  simulating  the  laue  diffraction  pat¬ 
terns,  thus  enabling  suitable  pairs  of  reflections 
to  be  determined.  Fig.  5  is  an  example  of  such 
s  imulat ions  in  trad It ional  back-reflection  mode  for 
an  SC-cut,  although  the  simulation  program  is  cap¬ 
able  of  working  with  an  aribtrarv  instrument  geom¬ 
etry  and  any  specified  angles  of  cut  (an  example 
is  shown  later).  While  it  is  not  obvious  simply 
from  looking  at  the  patterns,  suitable  pairs  can 
be  found  and  have  been  located  both  in  the  simula¬ 
tions  and  by  experiment.  The  simulations  have  been 
verified  experimentally,  as  shown  by  the  observed 
SC-cut  back-reflection  pattern  in  Fig.  6.  In  this 
geometry,  rotation  about  *  produces  a  simple  rota¬ 
tion  of  the  pattern,  and  the  agreement  between  the 
observed  and  predicted  patterns  is  thus  apparent. 

Breadboard  Instrument 

A  breadboard  device  was  constructed  to  enable 
these  initial  experiments  to  be  performed.  A  sche¬ 
matic  of  this  device  is  shown  in  Fig.  7.  The  sys¬ 
tem  consisted  of  a  tungsten-target  x-ray  source,  a 
rotating  stepping-motor  stage,  an  x-ray  detector, 
a  translating  stepping-motor  stage  capable  of  mov¬ 
ing  a  scanning  slit  across  the  detector  to  localize 
the  sp<’t  within  it,  and  a  dedicated  mil1  icomputer 
and  CAMAC  interface  to  the  breadboard  to  perform 
the  automatic  data  acquistion  and  control  functions. 

The  early  measurements  performed  with  this  de¬ 
vice  were  highly  Informative,  and  involved  deter¬ 
mination  of  the  reflection  intensities  of  SC-cut 
blanks  in  the  back-reflection  region.  The  strongest 
reflections  were  only  about  1000  counts/sec.  Rel¬ 
atively  long  counting  times  (over  30  seconds)  were 
required  to  adequately  map  the  spot  profile  in  a 
single  dimension.  Ways  of  increasing  the  intensi¬ 
ties  were  therefore  sought.  Optimization  of  the 
type  of  tungsten-target  x-ray  tube  used,  and  in¬ 
stallation  of  a  he 1 ium  path  between  the  crystal  and 
detector  improved  intensities  by  up  to  30%;  how¬ 
ever,  a  more  substantial  Improvement  was  clearly 
required.  By  far  the  greatest  improvement  in  in  ten  «- 
sities  occurred  through  use  of  non-pt?rpendicular. 


61 


I’.Luu-  mg-angle  geometry,  os  slmwn  in  Fig.  8.  This 
geomet  rv  permits  observation  of  reflections  at 
lower  ili  f  f  ract  ion  angles,  where  the  peaks  are  on 
the  average  considerably  more  intense.  An  order- 
o|  -m.ign  it  mle  improvement  was  obtained,  yielding 
intensities  adequate  for  the  required  measurements. 
The  drawback  of  work-in  £  in  such  a  mode  is  the  more 
romp  lex  geometry  involved  as  described  later. 

A  number  oi  tccl\niqms  were  explored  for  map¬ 
ping  the  intensity  profile  within  the  detector. 

Ihe  greatest  precision  was  obtained  where  the  re¬ 
flections  were  scanned  with  a  slit  in  relatively 
■  oarse  ( SO— 1 00  micron)  steps  and  fit  bv  least 
squares  to  a  Gaussian  model  profile.  The  three 
parameters  refined  were  the  amplitude.  A;  the  stan¬ 
dard  deviation,  S,  corresponding  to  about  2/3  of 
the  spot  radio.-.;  and  the  center  position,  M.  Fig.  9 
shows  several  sets  of  determinations  for  different 
slit  widths,  scan  widths,  step  sizes,  and  counting 
times.  The  best  reproducibilities  were  obtained 
when  the  slit  was  about  as  wide  as  the  spot  radius. 
The  reproducibilities  were  excellent,  in  the  4-8 
ns  i  c  ron  ran  ge .  Kven  so ,  t  he  reproduc  i  b  i  1  it  ie  s  we  re¬ 
st.  i  I  I  largely  counting-statistics  limited,  as  de¬ 
termined  by  vari.it  ion  of  the  source  intensity. 
V-.-piiul  scan  times  were  in  the  15-20  second  range, 
with  translating  stage  motion  accounting  for  about 
\  oi  the  time.  (Stages  selected  for  the  prototype 
are  cons  iderah] v  faster).  Since  this  agreement 
i-  about  5-10  times  better  than  required  for  10 
arc- second  precision  in  the  measurement  of  a  single' 
reflection,  the  inherent  precision  in  the  Iwaue 
method  appears  to  be  quite  high. 

I  .east  -Sgua  res  ( hr JLen  tat  ion 

In  order  to  determine  the  angles  of  cut,  more 
than  one  reflection  must  be  measured.  Because  of 
measurement  errors,  the  geometrical  relationships 
among  the  reflections  (for  example,  the  angles  be¬ 
tween  them)  may  not  be  exactly  those  predicted  on 
the  basis  of  the  known  crystal  lattice.  The  method 
chosen  for  determining  the  lattice  orientation  from 
the  measured  reflection  positions  was  therefore  a 
least -squares  f it  of  a  model  lattice  to  the  observa¬ 
tions  based  on  rigid-body  rotation  of  the  model. 
This  approach  has  the  advantage  of  fully  utilizing 
any  number  ol  reflections,  permitting  for 

example  later  addition  of  more  detectors  for  in¬ 
creased  accuracy.  A  program  was  implemented  to 
perform  the  least -squares  orientation  and  used  to 
investigate  the  relationship  between  the  errors  in 
spot  position  and  the  resulting  error  in  the  com¬ 
puted  crystal  orientation.  Fifty-micron  random 
errors  in  spot  position  at  a  500  mm  sample-detect or 
distance  gave  rise  to  2.5-5  arc -second  errors  in 
the  direction  normal  to  the  desired  face  of  an  SC- 
cut  blank,  depending  on  the  particular  reflections 
used.  Thus,  it  appears  that  the  design  goals  can 
be  met  if  measurement  errors  can  be  kept  less  than 
50  n  at  500  mm  (which  the  experiments  indicated  is 
highly  feasible). 

Prototype  Design 

These  highly  promising  results  have  led  to  the 
design  and  fabrication  of  a  grototype  instrument. 
The  design  incorporates  a  20°  glanc ing-angie  geom¬ 


etry.  An  example  of  the  pattern  produced  by  an  SC- 
cut  blank  in  this  conf igurat  ion  is  shown  in  Fig.  10. 
The  small  circles  with  cross  hairs  indicate  the  po¬ 
sitions  of  the  x-ray  spots  at  the  lvalue  of  inter¬ 
est  (218.12°).  The  dotted  lines  show  the  path 
traced  by  each  spot  as  the  crystal  is  rotated  about 
’*'•  Triangles  indicate  those  positions  where  a  spot 
"tunes"  to  a  tungsten  Ir-lfne  (it  is  highly  undesir¬ 
able  to  utilize  these  L- lines  to  boost  intensity, 
since  the  spot  profile  becomes  highly  non-uniform 
and  sensitive  to  changes  in  orientation).  The  1  2 
1  reflection,  shown  at  the  top  of  its  path  at  y  = 
218.12°,  and  the  0  I  0  reflection  are  a  good  candi¬ 
date  pair  for  measurement  of  SC-cut  crystals.  The 
geometry  is  thus  more  complex  than  simple  back- 
reflection,  but  is  nevertheless  readily  predict- 
ab  le . 

To  account  for  any  irregularities  in  intensity 
distribution  across  the  x-ray  spot,  and  for  any 
systematic  errors  in  the  alignment  of  the  instru¬ 
ment,  it  was  decided  that  measurements  would  be 
made  relative  to  a  calibration  crystal.  The  cal¬ 
ibration  is  performed  once  at  the  beginning  of 
each  batch  of  blanks.  A  calibration  crystal  is 
thus  required  for  each  type  of  cut  to  be  measured, 
.lack  Kusters  and  Charles  Adams  of  Hewlett-Packard 
have  very  kindly  provided  such  a  crystal  for  SC-cut 
blanks . 

The  design  incorporated  three  standard  scin¬ 
tillator/photomultiplier  x-ray  counters  each 
equipped  with  a  single  stepping-motor  translator. 
Mapping  of  the  intensity  distribution  within  the 
detector  in  two  dimensions  is  accomplished  with  a 
slit  arrangement  as  shown  in  Fig.  11.  The  horizon¬ 
tal  slit  is  translated  across  the  detector  aperture 
to  yield  the  vertical  coordinate.  The  vertical 
slit  is  then  moved  to  that  position  and  the  profile 
mapped  in  the  horizontal  dimension  by  turning  the 
blank  about  y  with  the  rotating  stage. 

Prototype  Instrument 

The  prototype  instrument  is  shown  in  Fig.  12. 
At  the  center  of  the  instrument  is  the  rotating 
stage  on  which  the  crystal  is  mounted.  The  crystal 
is  held  in  place  by  a  three-point  vacuum  chuck. 

The  stage  height  is  adjustable  to  accommodate 
blanks  of  different  thickness.  The  x-ray  source 
and  20°  incident  beam  collimator  mount  are  apparent. 
Three  arches  serve  as  the  detector  supports.  All 
three  detectors  can  be  set  to  any  inclination  be- 
between  1 5°  and  85  at  a  fixed  crystal-to-detector 
distance  of  400  mm.  The  azimuth  of  the  central 
detector  is  fixed;  those  of  the  two  outside  detec¬ 
tors  are  variable  from  20°  to  90°,  allowing  acces¬ 
sibility  to  a  wide  range  of  the  diffract  ion  pattern . 
Each  detector  arch  supports  a  translating  stepping 
motor  stage  and  a  slit  assembly  similar  to  that 
in  Fig.  11.  These  stages  are  capable  of  a  10  micron 
step  size  and  a  2  cm/sec  slew  rate,  thus  signif¬ 
icantly  decreasing  the  contribution  of  stage  posi¬ 
tioning  time  in  the  profile  mapping. 

Preliminary  x-ray  measurements  made  with  the 
prototype  Indicate  that  the  intensities  are  slight¬ 
ly  higher  than  for  the  breadboard  device,  probably 
arising  from  the  greater  number  of  degrees  of 
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freedom  in  the  x-ray  source  alignment.  Because  the 
instrument  will  he  calibrated  with  reference  crys¬ 
tals  the  mechanical  alignment  of  the  components 
is  not  required  to  be  in  the  arc -second  range. 
Nevertheless,  to  enable  the  initial  search  for 
reflections  to  he  successfully  conducted  alignment 
errors  must  he  kept  small  with  respect  to  the  angle 
subtended  by  a  detector  aperture  (e.g.  in  the  1  arc- 
minute  range).  The  critical  alignment  of  the  in¬ 
strument  is  currently  under  way,  and  it  is  expected 
that  performance  measurements  will  soon  he  avail¬ 
able. 
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Figure  1 . 


Convention  for  the  angles  of  cut  of  a  quartz  crystal, 
thickness  of  the  cut  blank  is  to  be  along  t. 


The 
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figure  2.  laue  vs.  Bragg  diffraction.  Because  a  continuous  x-ray  source 
is  used  in  the  Laue  case,  the  diffraction  maximum  is  observable 
over  a  wide  range  of  crystal  orientations. 


/lA/OtAL/h?  ScAJi  I  Tt\>  I  fltS 


figure  3.  Sensitivity  of  lxiue  spot  motion  to  changes  in  crystal  orienta¬ 
tion.  Only  one  of  many  reflections  in  the  pattern  is  shown, 
in  traditional  back-reflection  geometry. 
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LADE  MEASUREMENT  CONCEPT 


f Concept  for  determinat ion  of  the  angles  of  cut  by  the  Lane  method 
In  practice  a  laser  system  will  he  present  to  mens. ire  the  orienta¬ 
tion  of  the  front  face  of  the  blank,  and  a  third  x-ray  detector 
will  be  added  to  resolve  the  front/rear  side  ambiguity  described 


SC  CUT,  BOCK  REFL,  'FRONT. 
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Simulated  SC-cut  Laue  back-reflection  patterns.  Fig.  5a  corresponds 
to  the  pattern  produced  when  the  face  nearest  +Y  faces  the  incoming 
beam.  In  Fig.  5b,  the  face  nearest  -Y  is  toward  the  incident  beam. 
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Schematic  of  the  breadboard  device  used  for  the  early  measurements. 


GLMCIA/G  -  A  AJ<xLE 
GEOMETRY 


Figure  8.  Glanc ing-angle  geometry.  The  instrument  is  "unfolded"  from  the 
traditional  back-reflection  mode,  permitting  reflections  to  be 
observed  at  lower  diffraction  angles. 
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Figure  9 

.  Table 

of  scan 

results  for  the 

1  2  T  reflection  in 

glancing- 

-angle 

mode,  under  a  variety  of  conditions.  Mean  values  of  the  peak 
amplitude  (A),  width  in  mm  (s) ,  and  central  position  in  mm  (m) 
obtained  by  fitting  the  observed  scans  to  a  Gaussian  are  pre¬ 
sented,  averaged  over  five  determinations.  The  standard  devia¬ 
tion  of  the  central  position  in  microns  over  the  five  scans  are 
given  by  Values  of  m  marked  with  an  asterisk  represent  scans 

taken  after  physically  repositioning  the  slit,  so  that  no  agree¬ 
ment  with  the  previous  value  of  m  is  expected.  The  column  labelled 
"Slit"  is  the  slit  width  in  mm. 
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SC  CUT,  PS  I  =  2 1 8 . 12 


Figure  10.  SC-cut  I«iuc  pattern  in  n.lanc  in^-an^lv  mode.  This  simul alien 
shows  tin?  paths  traced  !>v  the*  reflections  as  the  blank  is 
rot  at  eel  about  psi,  as  described  in  the  text.  The  simulation 
was  performed  with  a  20  glancing  angle,  as  in  the  prototype. 
The  center  of  the  pattern  is  at  t  liat  point  where  the  incident 
x-rav  beam,  if  reflected  from  the  surface  of  the  blank,  would 
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Abstract 

We  have  investigated  certain  novel  plate 
resonator  conf igurations  that  are  referred  to  as 
grooved-  and  rinq-  supported  resonators.  These 
are  relatively  inexpensive  to  fabricate  because 
of  their  simplicity,  are  amenable  to  high  fre¬ 
quency  operation  with  certain  parameters  not 
achievable  with  surface  wave  resonators,  and 
qive  good  promise  of  providing  stable  frequen¬ 
cies  irrespective  of  the  static  boundary  forces 
and  the  shock  and  vibration  forces  of  accelera¬ 
tions  encountered  in  field  use. 

In  this  paper  we  report  preliminary  results 
of  our  studies  made  on  AT-cut  resonators  of 
various  desiqns.  The  rationale  for  choosing 
these  desi'i'rs  is  given,  along  with  details  of  the 
measurement  apparatus.  Results  are  given  of 
mode  spectra,  force-frequency ,  and  accel erati on- 
frequency  coefficients. 

Keywords:  Quartz,  crystal  resonators,  frequency 
control,  frequency  stability,  acoustic  waves, 
bulk  acoustic  waves,  surface  acoustic  waves,  fil¬ 
ters,  signal  processing,  frequency  synthesizers, 
wrist  watch  crystals. 

Introduction 

Precision  crystal  resonators  are  required  to 
provide  secure,  nonjarunabl e ,  and  reliable  conmand, 
control,  comriunication,  and  intelligence  (C  *1/ 
voice  and  data  links  that  remain  operable  in  very 
severe  environments.  Insensitivity  to  static  and 
dynamic  forces  is  a  primary  consideration  in  the 
design  of  such  resonators,  as  well  as  such  commer¬ 
cial  applications  as  wrist  watches.  The  problem 
of  external  forces  applied  to  resonators  ‘•■s 
received  increasing  attention  during  the  past  few 
years,  with  good  results.  Some  of  the  solutions 
proposed  involve  considerable  cost  penalties,  man¬ 
ufacturing  difficulties  or  both.  Furthermore, 
certain  desirable  future  features  such  as 
minia  turi  za  tion  and  direct  production  of  IJHF  fre¬ 
quencies  do  not  appear  to  be  readily  possible  with 
these  solutions. 

We  have,  therefore,  investigated  certain 
novel  plate  resonator  configurations  that  are  re¬ 
ferred  to  as  qrooved-  and  rinq-  supported  resona¬ 
tors.  These  are  developments  of  earlier  work  by 


the  authors  and  others  that  are  relatively  inex¬ 
pensive  to  fabricate  because  of  their  simplicity, 
are  amenable  to  high  frequency  operation  with 
certain  parameters  not  achievable  with  surface 
wave  resonators,  and  give  good  promise  of  provid¬ 
ing  stable  frequencies  irrespective  of  the  static 
boundary  forces  and  the  shock  and  vibration  forces 
of  acceleration  encountered  in  field  use. 

The  resonator  is  made  from  a  sinqle  piece  of 
quartz  or  other  material,  and  the  ring  that  sup¬ 
ports  the  central  vibrating  portion  provides  the 
means  both  of  stiffening  the  inner  resorting  mem¬ 
ber  against  flexure  and  of  carrying  most  of  the 
mounting  stress.  It  is  experimentally  shown  that 
both  the  static  force-frequency  and  the  dynamic 
acceleration-frequency  effects  are  reduced  in 
magnitude  for  these  designs. 

F r equen cy  Shifts 

A  great  deal  of  effort  has  gone  into  the 
design  of  crystal  resonators1*''0  and  into  charact¬ 
erizing  the  types  of  effects  that  produce  frequency 
shifts  and  changes  in  vibrator  behavior.21-81 
Some  of  the  causes  of  frequency  shifts  and  changes 
in  behavior  of  resonators  are: 

(1)  Static  and  dynamic  thermal -frequency 

effects20.2'’.  zi 

(2)  Static  force-frequency  ef feet i5’* i1*.41  .‘‘S.vt . 

VH, 50, 71 

(3)  Dynamic  acceleration-frequency  effect21"40 

l»  *.  ,  i»U  ,  W  7,70-79 

(4)  Drive  level-  frequency  effect42’54 

(5)  Mode  coupling/activity  dips'  1  sss.so.fo 

(6)  Intermodulation  effect'" 

(7)  Film  stress-frequency  effect5, * >4 1 

(8)  Aging,  from  contamination,  diffusion,  and 

mounting  stress  relief,  etc 57,1  4 • 

6 S  .67,69 

(9)  Other  nonlinear  and  linear  processes 70 > 72 . 7 1 . 

74  ,  MU 

The  various  effects  and  their  interrelationships 
are  figuratively  represented  in  the  drawing  of  Fig. 
1.  Figure  2  shows  a  plot  of  the  idealized  frequen¬ 
cy-time  behavior  of  a  quartz  oscillator.  The 


*  On  leave  from  Shinshu  University,  Nagano  380, 
Japan . 


■  I  i  s '  .11  ham  cs  s  t  r-r  largely  from  mei  han  i  (..a  1  and 
Ihci'.il  effoi  t  In  f  1  n .  !  in  given  .)  chronology 
n‘  tun  "list  riw  (,mt  advances  in  crystal  technol- 
i.i  ;v  iini  r  114*  i  "h  i  s  t  nl  these  are  directed  toward 
i  les.einna  nt  the  sensitivities  indicated  in  Fid. 


’he  t  >' iii  turns  nt  R  inj- 
'U|inurted  K  amoved  Resonators 

I’.irt  lc  u  lar  examples  of  both  ring-supported 
tnd  grooved  i  t  ystal  resonators  are  shown  in  Fit).  4. 
We  shall  report  on  results  of  experiments  made  with 
;>1  .inn- convex  r i nq- supported ,  and  sinqle-slot 
grooved  resonators  in  this  paper.  The  concavo- 
mnvex  ring- supported  resonator  shown  in  the  figure 
is  useful  for  applications  having  accelerations 
directed  toward  the  centers  of  curvature.  Enerqy- 
trappinn  is  obtained  by  making  the  radius  of  the 
concave  surface  larger  than  that  of  the  convex 
surface.  Figure  5  supplies  the  rationale  for  using 
ring-supported  (r-s)  resonators  for  out-of-plane 
acceleration  fields;  frequency  shift  is  proportion¬ 
al  to  deflection  of  the  plate  at  the  center,  and 
is  less  for  the  r-s  resonators  than  for  the  con¬ 
ventional  variety.  An  analogous  case  of  stress 
relief  occurs  with  the  use  of  flying  buttresses 
lip  6).  The  thrust  of  the  roof  is  carried 
outward  and  downward  by  these  ancillary  supporting 
s  t  r cut  turns  , 

f igure  7  defines  the  relevant  parameters 
describing  plano-convex  resonators,  and  tabulates 
measured  values  of  some  of  the  resonators  used  in 
our  studies.  Figure  8  defines  and  tabulates  the 
bi -convex  parameters . 

Scanning  electron  microscope  (SEM)  photographs 
of  plano-convex  resonator  No.  1  are  shown  in  Fig.  9 
at  magnifications  of  28X  (Top)  and  190X  (bottom). 
These  show,  respectively,  the  ring  support  and 
convex  floor  regions  of  the  plate,  and  a  more  de¬ 
tailed  view  of  the  side  wall  leading  out  to  the 
convex  floor. 

Figure  10  defines  the  parameters  relevant  to 
single-slot  grooved  resonators,  and  gives  measured 
values  for  two  units.  In  Fig.  11,  parameters  and 
measurements  of  double-slut  grooved  resonators  are 
given.  5EM  photos  of  rpsnnator  T-l  at  magnifica¬ 
tions  of  14X  (top)  and  44X  (bottom)  are  seen  in 
Fig.  1?;  the  groove  was  cut  ul trasonical ly . 

Frequency  Spectra 

Energy-  trapping  considerations  ’  will 

dictate  in  large  measure  the  structure  of  the 
crystal  mode  spectra  at  different  harmonics.  In 
the  designs  utilized  in  our  study  the  units  were 
not  optimized  for  fundamental  operation;  in  fact, 
at  the  fundamental  harmonic  the  vibratory  motion 
was  largely  "untrapped"  and  spread  into  the  ring 
and  support  system,  leading  to  a  poor  mode  spectrun 
and  poor  Q.  The  spectra  at  the  third  and  fifth 
harmonics  indicate  more  nearly  optimal  degrees  of 
trapping  (higher  Q  valups  and  cleaner  structure). 
Figures  13  and  14  show  examples  of  r-s  and  grooved 
resonators,  respectively. 


Force-  Frequency  Effects 

The  traditional  form  of  the  forte- frequency 
curve  for  AT-cut.  plates  of  conventional  piano- 
piano  design  is  shown  in  Fig.  19.  ■'  '  '  The  force 
azimuth  angle  r  is  measured  from  the  X  axis;  the 
ordinate  scale  given  is  not  the  normalized  para¬ 
meter  Kf(;.)  of  Ratajski  , but  an  earlier  form. 

The  reason  for  this  more  primitive  form  is  that 
comparison  is  now  to  be  made  with  r-s  and  grooved 
units  having  a  variety  of  geometrical  parameters, 
and  suitable  definitions  of  analagous  Kr(,)  scales 
are  not  completely  without  ambiguity. 

The  force-f reguenr.y  measurement  apparatus  is 
seen  in  Figures  16  and  17.  Experimental  results 
for  8-3  are  given  in  fig.  18.  It  is  seen  that  the 
maximum  shift  is  about  one  third  that  of  Fig.  15; 
the  unexplained  but  consistently  measured  drop  to 
negative  values  for  |p|  -  25'  is  a  feature  not 
encountered  in  the  other  units,  and  likewise  not 
seen  with  conventional  resonators.  Figure  19 
compares  the  third  and  fifth  harmonics  of  unit  B-4; 
the  reduction  in  amplitude  with  respect  to  Fig.  15 
is  again  found.  Figure  20  compares  the  grooved 
resonators  T-l  and  T-2  at  the  third  harmonic;  both 
have  a  three-fold  improvement  over  the  conventional 
uni ts . 

Mode  spectrographs  at  fundamental  and  third 
harmonics  of  a  sample  reference  crystal  of  con¬ 
ventional  design  is  shown  in  Fig.  21.  The  main 
mode  at  each  harmonic  was  measured  as  function  of 
drive  level,  and  no  dependency  was  noted.  However, 
when  the  first  unwanted  mode  of  the  fundamental 
harmonic  was  measured  at  various  drive  levels,  a 
dependence  was  noted.  Figure  22  shows  the  result 
for  voltages  of  0.03  and  0.003  across  the  crystal. 
As  the  excitation  is  decreased,  the  zero  points 
are  seen  to  move  away  from  the  X  axis. 

Accel er ation F_r eg u ency_E fj ecjt s 

The  centrifugal  accelerator  pictured  in  Fig. 23, 
and  shown  in  schematic  in  Fig.  24,  was  used  to 
subject  the  resonators  to  constant  accelerations. 
The  apparatus,  which  is  shown  with  ancillary  meas¬ 
urement  equipment  in  Fig.  25,  is  capable  of  sub- 
jec'  '  ig  units  to  1000  q  of  acceleration.  The  rotor 
arms  are  fitted  with  jigs  that  receive  the  resona¬ 
tors  mounted  in  HC-6  holders.  The  acceleration 
effect  is  measured  by  a  phase  shift  technique. 

Sample  results  are  given  in  Fiq.  26  and  Fig. 

27.  One  important  aspect  of  the  curves  shown  is 
the  apparent  nonlinearity  ot  the  results  with 
increasing  g  values;  this  would  indicate  a  value 
which  is  a  function  of  the  q  level  used,  in  distinc¬ 
tion  to  the  constant  value  used  to  date. 

E  qu i v  a  lent  N  e  two  r  k 

The  bisected  transmission  line  equivalent  net¬ 
work  for  a  conventional  thickness  mode  resonator 
is  given  in  Fig.  28.'"  In  Fig.  29  is  given  the 
corresponding  networl  for  a  grooved  resonator. 
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1.  Figurative  representation  of  influences 
affecting  crystal  resonators. 


Idealized  frequency-time  behavior  of  a  quartz 
osci 1  la  tor. 
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3.  Progression  in  crystal  technology. 
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RING  SUPROHHD 

4.  Ring-supported  and  grooved  crystal  resonators. 
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(b)  EDGE  TORQUES,  ZERO  SLOPES 


5.  Conventional  and  ring-supported  crystal  resonators. 


Cathedral  cross-section  showing  flying  buttresses. 
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UNIT  [mm 

TYPE 
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V. 

No 

81  - 1 

3  480 

5  575 

7  938 

0  701 

0  571 

1  006 

1  797 

No 

Bi-2 

3  32? 
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1  234 

Ring-supported  bi-con>'ex  resonator  geometry  and 
measured  parameters. 
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10.  Single-slot  grooved  resonator  geometry  and 
measured  parameters. 
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1.  Double-slot  grooved  resonator  geometry  and 
measured  parameters. 


12.  SEM  photos  of  grooved  resonator. 
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13.  Spectrographs  of  samples  B-3  and  B-4  at  first, 
third,  and  fifth  harmonics. 
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14.  Spectropraphs  of  samples  T-l  and  T-2  at  first, 
third,  and  fifth  harmonics. 
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17.  Force- frequency  effec  t  apparatus--  view  from  left 
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Abstract 

Previously  we  have  discussed  the  fabrication 
of  the  SC  cut  crystal,  the  mechanics  of  cutting 
the  doubly  rotated  blanks  from  quartz  bars  and 
the  test  methods  used  to  determine  the  ' g  * 
sensitivity.  In  this  paper  we  will  discuss  the 
following  areas.  First,  a  simplified  x-ray 
orientation  using  a  rotated  x-cut  method;  second, 
the  frequency  change  with  acceleration  as  you 
vary  Psi;  and  third,  a  presentation  of  test 
results  on  finished  oscillators  using  SC  cut 
c  rysta Is. 

Simplified  X-ray  Orientation  Measurements,  Using 
A  Rotated  X  Cut  Method 

In  the  past*  we  have  used  a  method  of 
x-raying  SC  cut  quartz  blanks,  which  made  use  of 
an  existing  high  precision  goniometer,  set  for 
measuring  AT  blanks,  within  a  few  seconds  of  arc. 
There  were  advantages  and  disadvantages. 

Advantages 

1.  The  method  used  an  existing  AT  set-up. 

2.  The  angle  measured,  Theta,  was  identical 
to  the  angle  set  on  the  saw  table, 
making  angle  correction  direct  and 
s imple. 

3.  It  was  capable  of  making  absolute 
measurements,  as  well  as  ones  using  a 
reference  standard. 

Disadvantages 

1.  The  tilt  necessary  to  bring  the  AT  x-ray 
plane  (01. 1)  vertical  to  the  goniometer 
table  was  about  15°.  This  made  the  data 
measurement  very  sensitive  to  the  flat 
angle  Psi. 

2.  Calculating  Theta  from  Theta  prime 

required  a  knowledge  of  Phi  and 

calculation  of  "turn  over"  required  both 
Theta  and  Phi,  (By  the  terra  "turn  over" 
we  mean  the  temperature  at  which  the 
temperature  coefficient  of  frequency  is 
zero. 

The  disadvantages  were  dealt  with  by  the 
construction  of  an  accurate  crystal  holding  jig 
and  by  highly  correcting  the  -X  surface  of  the 
quartz  bar  before  cutting. 


Since  the  time  of  this  work,  we  have 
assembled  a  second  very  precise,  universal, 
double  crystal  x-ray  goniometer,  which  is 
dedicated  to  SC  measurements.  The  accuracy  is 
ten  (10)  seconds  of  arc.  We  believe  we  have 
developed  some  new  approaches  to  simplifying  the 
measurement  of  Phi,  Theta  and  Psi,  and  what  may 
be  even  more  significant  we  have  found  a  way  of 
relating  the  "turn  over"  of  the  finished  crystal 
to  a  single  angular  measurement  with  no  calcula¬ 
tions  necessary  other  than  a  simple  graph. 

Figure  1  shows  an  overall  view  of  the  GE 
x-ray  goniometer  table,  with  an  added,  extremely 
stable  second  crystal  and  a  carefully  con¬ 
structed,  directly  calibrated  micrometer  screw. 

In  the  new  method  of  measuring,  the  crystal 
blank  is  considered  as  a  rotated  X-cut,  making 
Phi  about  8°  rather  than  22°.  This  derives,  of 
course,  from  the  three-fold  symmetry  of  quartz. 
Theta  is  still  near  34°  and  Psi  ranges  from  0  to 
-13°  as  before. 

For  the  measurement  of  Phi  and  Theta ,  we  use 
the  22.3  plane,  whose  normal  lies  in  the  X-Z 
plane  at  34  degrees  17  minutes  from  X.  This  is 
very  near  Theta  and  only  8°  away  for  Phi.  The 
Bragg  angle  is  48°,  so  the  angle  between  the 
x-ray  beam  and  the  ionization  chamber  is  84°. 
The  cosine  of  34  degrees  17  minutes  is  .82626, 
and  *  sin  (1.2103  sin  <t>' ).  Phi  prime 
is  the  angle  measured  by  the  x-ray  with  the 
crystal  blank  mounted  on  a  normal  vacuum  chuck 
barrel  with  the  Y*  (the  old  X')  axis  parallel 
to  the  table.  One  surface  of  the  uncut  quartz 
bar  is  usually  corrected  to  provide  the  Y* 
direction  in  the  blank,  which  in  this  case,  is 
not  very  critical.  For  measurement  of  Theta,  a 
mild  tilt  which  is  not  critical,  is  provided  to 
compensate  for  the  Phi  angle  and  6  » 
tan“*(tan  (cos  )“*).  Phi  is  the 

angle  measured  as  described  above  and  Theta  prime 
is  the  angle  measured  by  the  x-ray.  The  measure¬ 
ment  is  made  using  a  non-critical  6°  tilt  back 
and  with  the  Z'  axis  parallel  to  the  table.  The 
calculations  to  arrive  at  the  specified  Phi  and 
Theta  are  now  small  enough  to  present  on  a  simple 
sheet  of  graph  paper.  A  calculator  is  not 
necessary  once  the  plots  are  made. 

Figure  2  shows  the  relationship  between  Phi 
and  Theta  for  a  constant  turn  over  temperature. 
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The  upper  curve  is  taken  from  a  paper  by  Ballato 
and  Iafrate^  (1976  30th  Annual  Frequency 
Control  Symposium).  As  a  Phi  departs  from  the  AT 
and  goes  through  FC,  ITC,  etc.  to  the  SC,  the 
angle  Theta  must  be  clanged  accordingly  to  give 
the  same  turnover  temperature.  On  the  same 
graph,  we  have  plotted  the  values  of  Theta  prime 
which  would  result  in  the  Theta  values  shown. 
Note  especially  that  over  the  range  of  interest 
the  data  is  invariant  with  the  value  ot  Phi  as 
shown  in  Figure  For  specified  Phi's  from  23° 

to  24°,  Theta  prime  varies  only  0.6  minutes  and 
the  Phi's  between  22°  and  23°  Theta  varies  only 
.02  minutes. 

Figure  4  shov?s  the  values  of  Theta  prime, 
the  angle  measured  directly  by  the  x-ray,  for  SC 
turn-over  temperatures  between  50°  and  85°C,  for 
anv  reasonable  Phi  value. 

This  chart,  of  course,  is  for  a  particular 
design.  For  other  contours-*  and  other 

frequencies  the  curve  would  be  the  same  but  the 
left  hand  scale  will  be  shifted  up  or  down 
s 1 ightly . 

Should  it  be  desirable  to  measure  the  Psi 
angle  by  x-ray,  either  for  measuring  existing 
f  la  s  or  for  determining  the  place  to  generate 
flats,  this  can  be  done  at  either  the  X*  or  Z' 
axes,  using  the  rotated  Y  cut  nomenclature. 
Using  a  v  axis  reflection,  the  02.0  plane,  the  X* 
direction  of  the  plate  will  be  some  ”A"  degrees 
away  from  the  x-ray  indication,  where 

A  *  tan-1  f  tan  $  sin  0  ).  For  a  $  x  vt  6.25° 
(*y  -  23.75°)  anJ  a  0  of  33.91°,  A  -  3.496°.  Of 
course,  a  prepared  crystal  standard  can  also  be 
used  to  verify  tbi^  relationship.  For 

reflections  from  the  Z'  edge,  we  can  use  an  x-ray 
plane  whose  normal  is  in  the  X-Z  plane  and  is  90° 
from  the  22.3  plane  used  for  measuring  Phi.  Such 
a  plane  is  the  11.3  plane  at  53.75°  and  Bragg 
angle  32°. 

The  same  approach  can  be  used,  and  the  angle 
the  x-ray  will  make  with  the  Z'  axis  is  now 
B  =»  sin’  (cos  53.75°  sin  <f>x) .  For 

$x  »  6.25°,  "B"  ■  3.69°.  This  is  summarized  in 
Figure  5. 


Frequency  Change  With  Acceleration 

Charts^  showing  the  worst  case  radial 
acceleration  coefficients  to  be  expected  for 
various  mounting  angles  (Psi),  using  a  three 
point  90°  mount,  have  been  supplied  by  Professor 
Peter  Lee.  The  coefficients  range  from  one  to 
twenty  five  times  10^  per  g. 

Data  taken  on  ten  5  MHz  3rd  overtone  blanks 
supplied  by  ERADCOM  and  randomly  mounted  have 
shown  about  80%  compliance  with  this  calculated 


curve.  Further  work  is  in  progress  to  find  the 
optimum  mounting. 

To  date,  the  5  MHz  5th  overtone  crystal 
units,  mounted  by  thermo-compression  bonding  at 
^  »-15°  are  still  the  best.  When  very  accurately 
mounted  yields  of  50%  are  possible  with 
acceleration  cofficients  less  than 

3PF10-10/g. 

Thermo-compression  (TC)  bonding  tests  were 
conducted  using  a  pure  nickel  ribbon  with  a  0.015 
inch  wide  triangular  cross-sectional  gold  stripe 
coined  to  one  side.  Figure  6  shows  a  quartz 
blank  so  mounted.  The  bonding  fixtures  and 
carbide  tools  were  all  designed  and  fabricated  at 
FEI#  The  average  pull  strengths  obtained  were 
1.5  kilograms  or  3.3  pounds.  The  force  applied 
during  the  bonding  was  16,000  psi. 

These  results  compared  well  with  those 
obtained  using  aluminum  clad  nickel  ribbon.  In 
all  cases,  quartz  was  present  on  the  ribbon  after 
pull  testing. 

The  two  main  advantages  of  this  ribbon  are 

1)  the  removal  of  an  intermetallic  bond,  and 

2)  the  potential  for  bonding  crystals  with  thin 
edges. 

Test  Results^  From  Completed  Oscillators  Using 
SC  Cut  Crystals 

Figure  7  shows  aging  data.  Depending  on 
process  conditions,  the  5th  overtone  crystal  ages 
at  3  to  4  PPlO^Vday.  Also  we  have  crystals 
that  age  less  then  2  X  10^ /day*  The  most 
important  point  is  that  the  aging  is  monotonic 
and  predictable,  unlike  the  fundamental  crystal 
seen  in  Figure  8.  At  the  same  frequency  of 
oscillation,  the  frequency  of  the  fundamental 
varies  as  much  as  5PP109, 

Figure  9  shows  'g'  sensitivity  results  for 
fundamental  crystals.  Figure  10  shows  the  5th 
overtone  crystal.  Fifth  overtone  crystals  have 
better  repeatability,  and  fundamental  crystals 
suffer  because  of  sensitivity  to  circuit 
capacitance  change. 

Figure  11  shows  the  short-term  stability  of 
the  5  MHz  5th  overtone  oscillators.  We  have 
achieved  a  1  to  10  second  stability  of 
approximately  7  PP10^.  Figure  12  shows  a 

measurement  of  phase  noise. 
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Figure  1.  Universal,  Double  Crystal,  X-Ray  Goniometer 


Figure  2.  Relationship  between  0,  0*,  and  $  For  a  Constant 
Turn-Over  Temperature. 
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Figure  5.  Summary  of  information  for  Edge  X-Ray  Measurement 
of  Crystal  Blanks 


Figure  7.  Aging  Data  on  5th  Overtone  Crystal  Oscillators 
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Hgure  8.  Aging  Data  on  Fundamental  Mode  Crystal  Oscillators 
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Figure  9.  HKure  10. 
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SUMMARY 

SC  cut  alpha  quartz  resonators  have  been  fabricated  using 
fundamental,  third,  and  fifth  overtone  designs,  covering  the  fre 
quency  range  of  4  MHz  to  100  MHz.  Data  on  several  designs 
indicates  the  theoretical  maximum  O  for  SC  resonators  is 
15-20%  higher  tha.  for  AT  cut  resonators’.  For  example,  a  00 
MHz  third  overtone  SC  cut  has  been  fabricated  with  a  Q  of 
250  000  which  is  the  theoretical  maximum  Q  for  an  AT  at  that 
frequency 

Zero  angles  have  been  determined  tor  several  SC 
designs  ipiano  plano.  plano  convex,  bi-convex.  fundamental  and 
overtone) 

Vig  s  method  for  adjusting  the  turning  point  o'  5  MHz 
‘uf  dumentai  SC's  by  contour  control'  has  been  utilized  in 

:tw  Non 

Chemical  polishing  of  SC  s  is  being  performed  on  a  produc- 
t'l.n  basis  Studies  indicate  that  the  1  4  HF-NH«F  solution  pro¬ 
posed  by  Vig'  is  very  forgiving  of  surface  contamination  on 
SC's,  whereas  his  proposed  1  2  HF-H*0  solution  results  in  sur¬ 
face  degradation  on  the  *  X  surface  of  the  SC  cut 

An  contoured  SC  designs  are  processed  such  that  the 
same  crystallographic  side  of  the  blank  is  contoured  This  is 
accomplished  by  squeeze  testing  each  blank  in  a  circuit 
described  bv  Bond* 

Aging  studies  on  AT  s  and  SC's  processed  using  identical 
manufacturing  techniques  show  that  the  SC  lypically  ages  into 
its  f»nai  aging  rate  5  10  times  faster  than  the  AT.  and  the  SC 
tvptcanv  exhibits  a  2  3  times  improvement  m  ultimate  aging  rate 

INTRODUCTION 

Much  has  been  written  about  the  SC  cut  since  it  was  first 
predicted  by  Holland  in  1974  However,  most  of  the  reported 
stud-^s  deal  only  w>th  5  MHz  fifth  overtone1’.  *0  MH,-*  third  over 
tone  .  and  5  115  MHz  fundamental*  units  As  a  result,  many  o’ 
the  design  tools  that  exist  for  the  AT-cut  crystal  designer  do  not 
exist  for  the  SC  cut  designer  Tor  example,  how  the  zero  angle 
lor  the  SC  changes  with  contour  and  overtone,  how  the  turn 
over  temperature  changes  with  orientation  angle  0.  how  the 
design  of  the  SC  affects  Q  This  study  provides  partial  answers 
to  tnese  items 


ORIENTATION 

Since  the  SC-cut  is  a  double-rotated  cut  it  is  important  to 
know  how  various  properties  of  the  crystal  change  with  the 
orientation  angles  ♦.  0.  and  'V 

EerNisse'  has  calculated  the  stress  coefficients  for 
C  mode  thickness  shear  resonators  along  the  *  -ro  temperature 
coefficient  locus  He  determined  that  the  coefficient  goes  to 
zero  at  a  calculated  value  of  *=22  5  This  zero  stress  coefficient 
determines  the  location  of  the  SC  (Stress  Compensated)  cut 
Calculations  made  by  EerNtsse’0  indicate  that  the  change  m  0 
required  to  achieve  stress  compensation  is  a  second  order  func 
non  of  the  change  m  0  required  to  achieve  a  given  frequency 
temperature  performance  In  other  words  for  all  practical  pur 
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poses,  the  SC  cut  is  defined  as  ♦  -22'30  (Kusters"  expenmen 
tally  determined  ♦  to  be  21  56').  independent  of  0  for  changes  in 
0  up  to  possibly  ♦  1  **.  The  slope  of  the  stress  coefficient  taken 
from  EerNisse's  curve  is  about  3  3*10  'Dyn  'cm'/min  $  If  one 
assumes  an  "error"  in  $  of  *  1  from  the  SC  zero"  stress  angle 
then  Figure  1  results,  which  shows  the  relative  stress  sensitivity 
of  various  cuts  along  the  zero  temperature  coefficient  locus  At 
♦  y'-j  degree  from  the  +  angle  for  the  SC  cut  the  relative  stress 
sensitivity  is  10  times  that  of  the  SC  at  *1  error 

The  zero  angles  for  several  SC  designs  are  shown  in  Table  I 
The  zero  angle  is  defined  as  the  angle  for  which  the  upper  and 
lower  turning  points  (df/dT  0)  and  the  inflection  temperature 
(d'f/dT2  -  0)  coincide.  The  zero  angle  vanes  by  about  34  minutes 
for  various  designs.  In  contrast,  the  AT  would  vary  about  12  13 
minutes. 

Ballato's’'  temperature  coefficients  were  used  to  generate 
Figure  2.  which  shows  the  lower  turning  point  (df/dT  0)  versus 
0  for  the  SC.  The  equations  used  were 
f  AaT  *  BAT'  *  CAT’,  where 
A  0.8665  .«  10  TC 
B  12.3  >  10  ’*/  C' 

C  56.2/  10  ’'/"C* 

dA 

A  A  i  d© 

d0 

AT=T- 23  C 

dA/rJ©  =  3.78  x  10  *  C  '  min©  ’ 

T  Temperature  in  C 

dA/q©  was  determined  experimentally  —  Ballato's  value  for 
tJA/cJO  is  too  large  For  each  i  minute  change  in  ©  the  lower  turn¬ 
ing  point  was  calculated  by  setting  df/dT  0 

Note  from  Table  1  that  the  inflection  temperature  is  a  func. 
tion  of  the  design.  In  general,  as  the  active  area  of  the  blank 
becomes  smaller  (the  plate  "looks  larger)  the  inflection 
temperature  increases  This  is  well  illustrated  by  the  fact  that 
the  20  MHz  fundamental  SC  blanks  were  operated  at  their  third 
overtone  to  provide  the  60  MHz  third  overtone  data  point  m 
Table  I.  resulting  in  a  5 X  shift  in  inflection  temperature  Hence, 
the  inflection  tempeiature  alone  does  not  determine  if  one  has 
an  SC-cut.  the  mechanical  design  must  also  be  known 

Since  the  "2g"  effect  on  the  SC  cut  is  a  function  of  the 
mounting  location.  V.  it  is  necessary  to  keep  track  of  the  crystal¬ 
lographic  orientation  of  the  blank.  To  accomplish  this,  all  con 
toured  SC's  are  contoured  on  the  same  crystallographic  side  - 
specifically  the  side  that  is  negative  on  compression.  This  side 
is  identified  by  using  a  squeeze-tester  voltmeter  circuit  describ¬ 
ed  by  Bond*  By  means  of  this  convention  one  of  the  two  vectors 
needed  to  locate  oneself  around  the  blank  is  known  The  other 
vector  is  kept  track  of  by  grinding  a  flat  on  the  YV  edge  of  the 
blank  This  location  is  known  from  how  the  blank  was  cut  out  of 
the  original  bar  of  quartz.  Then  one  must  identity  the  minimum 
2g  mounting  location  by  means  of  polarized  light,  x-rays,  or 
force-frequency  testing  The  minimum  2g  mounting  location 
must  be  found  experimentally  for  each  blank  mounting 
geometry 


II  is  not  necessary  to  keep  sideto-side  identity  of  the  AT, 
because  the  AT  is  symmetrical  upon  rotation  about  V. 

Ail  blanks  are  cut  from  Sawyer  Premium  Q  quartz  (Q  greater 
than  2.2  million)  using  the  following  technique,  developed  by 
the  author,  and  as  illustrated  in  Figure  3  right-hand  Y-bar  quartz 
has  three  Y-axes,  which  results  in  3  possible  "first  cut"  loca¬ 
tions  for  the  SC  If  one  choses  orientation  II  in  Figure  3,  the  first 
SC  saw  cut  is  made  at  about  +  8°  (clockwise)  from  the  +  X-axis, 
thereby  obtaining  a  bar  that  has  the  correct  SC  ♦  rotation  and  is 
ready  to  be  placed  onto  a  slurry  saw  tor  the  6  rotation  cut, 
similar  to  cutting  AT's  By  using  this  technique  the  SC  is  rather 
easy  to  produce  If  the  Y-bar  is  grown  with  a  large  t  X  height  the 
yield  of  SC  wafers  can  be  quite  high,  approaching  the  yield  of 
AT's  from  a  Y-bar.  There  will  be  a  small  amount  of  t  X  growth  in 
a  tew  waters,  but  this  does  not  seem  to  cause  any  problems. 

The  blanks  are  sorted  into  V?  increments  on  0  *  is  not 
measured,  except  before  the  first  cut.  Typical  distribution  is 
•  3  on  0  ♦  appears  to  be  controlled  to  •  5 

Bottom”  describes  a  fast,  simple,  accurate  iterative 
method  for  measuring  f  and  0  on  SC's,  which  will  enable  anyone 
with  an  x  ray  goniometer  to  measure  the  orientation  of  SC 
blanks 

By  processing  100  blanks,  all  starting  out  within  a  V? 
group,  a  spread  of  turning  points  equivalent  to  »  1  V?  (i  sigma) 
results,  probably  due  to  angle  shifts  resulting  from  lapping  and 
contouring  For  ovenized  applications  above  75°C  this  angle 
control  is  not  adequate  to  achieve  high  yields.  Angle  correction 
would  improve  the  yields  considerably. 

GEOMETRY 

Vig1  et  at  has  determined  that  the  zero  angle  for  5MHz  fun¬ 
damental  mode  SC's  is  very  contour  sensitive  —  more  so  than  a 
similarly  designed  AT  He  has  utilized  this  effect  to  adjust  the 
slope  of  the  frequency-temperature  curve  to  bn  zero  at  the 
crystal's  inflection  temperature.  We  have  utilized  this  effect  to 
extend  the  effective  coverage  of  our  blank  inventory.  For  exam¬ 
ple.  by  the  proper  selection  o'  contour  a  blank's  angle  can  be 
"adiusted"  by  about  z  2  minutes  without  adversely  affecting 
the  crystal's  electrical  parameters.  This  allows  greater  flexibility 
in  the  turning  point  range  a  given  blank  inventory  can  cover,  as 
well  as  enabling  one  to  fill  in  any  holes  that  might  exist  in  an 
inventory,  thereby  allowing  faster  turn  around  for  a  customer's 
custom  part. 

Q 

The  maximum  Q  obtainable  for  the  AT  cut  is  given  by 
Warner’ to  be  Qf  -  15  x  10”  Hz  For  a  10  MHz  AT-cut  crystal  the 
maximum  Q  would  be  1  5  million  In  production  a  maximum  Q  of 
1.3  million  (87%  of  theoretical  maximum)  has  been  achieved  at 
10  MHz  using  a  5th  overtone  AT-cut.  The  maximum  Q  achieved 
in  production  for  SC's  at  10  MHz  is  1.2  million  for  a  plano¬ 
convex.  14mm  diameter  third  overtone  crystal.  Resistance  is  40 
ohms  A  O  of  1  4  million  has  been  obtained  on  a  2  diopter  bi¬ 
convex  design,  with  a  resistance  of  95  ohms.  In  addition,  a  60 
MHz.  third  overtone  7mm  diameter  plano-plano  blank  has  been 
produced  with  a  Q  of  250,000  and  a  resistance  of  75  ohms.  An  AT 
would  have  a  maximum  Q  of  250,000  at  this  frequency,  and  a 
producible  Q  of  perhaps  200,000.  This  indicates  1)  that  SC's 
have  a  potential  Qf  of  greater  than  15x10"Hz  (probably 
17  5  x  10”Hz)  and  2)  that  the  loss  mechanisms  of  the  SC  require 
more  contour  and/or  a  larger  diameter-to-thickness  ratio  than  an 
equivalent  AT  to  achieve  its  maximum  Q. 

SURFACE  FINISH 

Predominately,  the  SC  blanks  have  been  final  lapped  with  I 
micron  aluminum  oxide  During  lapping  the  operators 
experience  no  difficulties  with  the  B-mode.  The  C-mode  remains 


quite  strong  throughout  lapping  and  contouring.  The  blanks  are 
then  chemically  polished  using  a  4:1  mixture  of  40%  ammonium 
fluoride  (NH.F)  and  48%  hydrofluoric  acid  (HF)1.  The  chemically 
polished  blanks  are  quite  transparent  —  it  is  possible  to  read 
print  thru  them  at  a  distance  of  several  feet. 

Due  to  the  difficulty  in  obtaining  commercially  prepared 
ammonium  fluoride  solution,  it  became  necessary  to  prepare 
the  40%  by  weight  solution  using  NH.F  flakes  and  Dl  water.  No 
etch  differences  have  been  observed  between  etch  solutions 
made  using  this  solution  and  the  commercial  solution. 

In  general,  poor  results  were  obtained  when  a  2:1  solution 
of  water  and  HF,  as  suggested  by  Vig,  was  used  to  chemically 
polish  SC's.  One  side  was  well  polished  while  the  other  was 
blotchy.  Indications  are  that  the  blotchiness  was  due  to  inade¬ 
quate  cleaning  of  the  blanks  prior  to  etching.  Several  other  dilu¬ 
tions  were  used,  including  4:1’,  with  little  or  no  improvement 
Since  these  blanks  were  cleaned  the  same  as  others  which 
polished  well  with  HF/NH.F,  one  must  conclude  that  the 
HF/NH.F  solution's  etching  characteristics  are  very  forgiving  of 
surface  contamination,  whereas  the  HF/H.O  solution  is  not. 

A  group  of  mechanically  polished  SC’s  were  fabricated  and 
compared  to  similarly  designed  chemically  polished  resonators. 
No  differences  were  noted  between  the  two  groups.  Resistance, 
Q,  and  aging  was  comparable.  Therefore,  due  to  the  difficulty  of 
mechanically  polishing  contoured  blank”,  ah  contoured  blanks 
are  now  chemically  polished.  High  frequency  resonators  are 
mechanically  polished  for  overtone  operation,  since  some 
resistance  degradation  has  been  observed  on  chemically 
polished  high  frequency  overtone  designs. 

FINISHING 

All  low  frequency  blanks,  less  than  30  MHz  third  overtone, 
are  plated  with  pure  gold  in  a  cryogenically  pumped  vacuum 
system.  The  blanks  are  typically  bonded  using  a  conductive 
devitrifying  glass  frit  which  is  cured  at  450°C.  The  resonators 
are  then  final  plated,  again  using  pure  gold.  Each  resonator  is 
heated  to  its  operating  temperature  prior  to  final  plating  to 
insure  adequate  frequency  precision  at  the  crystal's  turning 
point.  The  resonators  are  sealed  in  an  all  glass  bulb  using  an  RF 
induction  heated  system. 

High  frequency  resonators  are  plated  with  aluminum  and 
are  usually  sealed  in  coldweld  packages. 

TESTING 

All  SC's  are  measured  in  a  Saunders  2000  Test  System  from 
0°  to  120 °C.  Third  order  curve-fit  coefficients  are  computed  by 
the  system  for  each  crystal.  No  spurious  modes  to  a  resolution 
of  2x  10“'  have  been  observed  in  any  SC  resonators  of  any 
design. 

Aging  studies  are  performed  in  precision,  oven-controlled 
oscillators  Aging  rates  on  10  MHz  third  overtone  SC's  is  typical 
ly  less  than  SklO  ^fday  after  2  weeks.  Similar  AT's  exhibit 
aging  rates  of  about  2  x  10'Vday  to  5  x  10”*/day  after  90  days. 

A  system  has  been  set  up  to  measure  the  2g  effect  on 
crystals,  similar  to  the  one  used  by  Warner*.  The  system  utilizes 
a  Hewlett-Packard  3585A  Spectrum  Analyzer  to  measure  the 
sidebands  generated  when  the  crystal  Is  vibrated  on  a  vibration 
table.  With  the  3585A  the  system  resolution  is  less  than 

1  x  10  "/g  without  using  any  multipliers  or  amplifiers.  Figure  4 
shows  a  block  diagram  of  the  system  and  Figures  5A-C  show 
typical  plots  of  sidebands  generated  as  the  crystal  is  vibrated 
The  most  obvious  advantages  to  this  method  of  measuring  2g  is 
that  a  highly  stable  oven  and  long  warm-up  times  are  not 
required.  Hence,  every  crystal  manufactured  can  be  checked  for 
2g.  Typically,  the  10  MHz  third  overtone  SC's  have 
g-sensltivlties  less  than  5  x  l0  ”/g  on  2  axes,  and  approximately 

2  x  10  */g  on  the  axis  thru  the  center  of  the  blank  and  the 
mounting  points 
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The  poorer  performance  on  the  axis  thru  the  mounts  is 
possibly  explained  as  follows:  this  is  the  only  axis  upon  which 
one  can  impress  diametrically  opposed  forces  upon  the  blank, 
thereby  "exciting"  the  force-frequency  effect  in  the  blank. 
Using  the  coefficients  measured  by  EerNi3se,  et  al’\  and  by 
calculating  the  mass  of  the  blank,  one  can  verity  that  the  force- 
frequency  effect  will  indeed  cause  2g  effects  on  the  order  of 
10  */g  when  applied  along  the  most  force  sensitive  axis.  There¬ 
fore.  it  would  follow  that  the  least  g-sensitive  crystal  would  be 
one  that  is  mounted  at  least  near  the  zero  force-frequency  sen¬ 
sitive  point.  More  studies  will  be  done  on  this  important 
parameter 

Vig  measured  the  g  sensitivity  of  the  60  MHz  third  overtone 
crystal  at  3.5  x  10''*/ g,  worst  axis  The  crystal  is  in  a  3-point 
mount  TO-5  package 


PHASE  NOISE 

Przedpelski"'  measured  phase  modulation  under  vibration 
on  the  60  MHz  TO  5  units  mentioned  above  to  be  less  than 
60dBc  from  100  Hz  to  3200  Hz  in  his  oscillator  package. 
Similar  AT  s  (except  using  a  2-point  mount)  had  sidebands  as 
poor  as  -  25dBc  This  suggests  the  possibility  of  using  the  SC 
in  low  phase-noise  applications  where  the  crystal  frequency 
must  be  multiplied  up  to  GHz  frequencies. 

FREQUENCY  SPECTRUM  MODE  STUDIES 

Spectrum  analyzer  studies  on  SC's  reveal  a  family  of 
C  mode  inharmonics  as  well  as  the  B-mode  with  its  inharmonic 
family  This  is  illustrated  in  Figure  6.  A  few  oscillator  designs 
have  had  difficulties  with  the  B-mode.  but  with  proper  filtering 
these  problems  have  been  eliminated 

CONCLUSION 

In  conclusion,  the  SC  cut  is  capable  of  providing  greatly 
improved  aging,  2g.  0,  and  phase  noise  performance  when  com¬ 
pared  to  the  AT  cut  —  if  the  SC's  surface  is  properly  prepared 
and  it  is  properly  oriented  and  mounted  As  our  understanding 
of  the  SC  has  increased,  we  are  now  able  to  design  SC  s  with 
the  same  skill  as  AT's  and  over  the  same  frequency  range, 
thereby  providing  improved  performance  for  the  precision  fre¬ 
quency  control  market  The  SC  has  come  out  of  the  laboratory 
and  into  the  marketplace 
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INFLECTION  TEMPERATURE 

Figure  1:  Thermal  Transient  Effect  versus  4 
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Figure  2:  Lower  Turning  Point  vs.  A@ 
for  SC-Cut  Quartz 


Figure  3:  Three  locations  for  making  first  cut  on  0°  R.H. 

Y-bar.  For  maximum  utilization  of  quartz,  orienta¬ 
tion  II  is  preferred. 
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fm  -  modulation  frequency 
x  -  sideband  ratio 
fo  =  crystal  frequency 
g  =  acceleration  level 


Figure  4:  Block  Diagram  of  “2G”  Test  System 


Figures* 


Figure  5:  2g  vibrational  tests  on  a  10  MHz  3rd  overtone  SC 
cut  crystal. 


SC-Cut  Wide-Band  Mode  Spectrum 


103 


i  thv  . 


* 


Pr-oc.  35th  Ann.  Freq.  Control  Symposium,  USAERADCOM,  Ft.  Monmouth,  NJ  07703,  Hay  1981 
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Abstract 


The  effects  of  contouring  on  the  frequency 
vs.  temperature  characteri  sties  of  fundamental 
mode  and  third  overtone  SC-cut  resonators  have 
been  investigated.  It  has  been  found  that  the 
frequency  vs.  tenperature  characteri sties  are 
highly  sensitive  to  blank  contour,  and  that  when  a 
blank  is  recontoured,  the  slope  at  the  inflection 
temperature  changes  approximately  linearly  with 
the  change  in  contour. 

For  AT-cut  crystals,  the  contour  is  a  criti¬ 
cal  part  of  the  design.  For  similar  SC-cut  reso¬ 
nators,  acceptable  performance  can  be  achieved 
over  a  much  broader  range  of  contours. The  contour 
dependence  of  the  temperature  characteristics  has 
been  successfully  applied  to  "angle  correct"  SC- 
cut  resonators.  Examples  of  this  "angle  correc¬ 
tion"  are  presented. 

Preliminary  results  on  the  effects  of  elec¬ 
trode  dimensions  on  the  frequency  vs.  temperature 
characteri  sties  are  also  reported. 

>ey  Words:  Quartz,  quartz  resonators,  quartz 
crystaT;  SC-cut,  resonators,  crystal  resonators, 
contour,  frequency  control,  frequency  vs.  tempera¬ 
ture,  angle  correction. 

Introduction 

The  advantages  of  SC-cut  resonators  are  well 
known  by  now.  The  SC-cut  has  proven  to  be 
superior  to  other  cuts  especially  in  properties 
that  are  of  significance  to  high  stability  oven 
controlled  crystal  oscillators  (OCXO's).  These 
properties  include  thermal  transient  behavior, 
drive  level  sensitivity,  electrode  stress  sensi¬ 
tivity,  incidence  of  activity  dips,  and  frequency 
vs.  temperature  characteristics. 

The  major  disadvantage  of  the  SC-cut  is  that 
making  such  resonators  to  a  specified  frequency 
vs.  temperature  characteristic  is  difficult.  For 
several  Important  applications  of  OCXO's,  for 
example,  SC-cut  resonators  with  a  turnover  tem¬ 
perature  between  90°  and  100°C  are  desirable.  The 
"ideal"  SC-cut  resonator  frequency  vs.  temperature 
characteri stic  for  OCXO's  is  shown  in  Figure  1. 
For  such  resonators,  the  slope  of  the  frequency 
vs.  temperature  characteristic  remains  small  over 
a  wide  temperature  range  about  the  inflection 
temperature. 
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Fig.  1  -  "Ideal"  Frequency  vs.  Temperature 
Characteri  stic 

Kusters  and  Adams1  have  described  how  the  SC- 
cut's  turnover  temperatures  vary  with  the  angles 
of  cut,  t  and  a.  Their  results  are  reproduced  in 
Figures  2  and  3,  for  convenience.  Figure  2  shows 
the  turnover  temperature  vs.  »  ;  Figure  3  shows  the 
turnover  temperature  vs.  e  .  From  Figure  3  one  can 
see  that  even  if  *  is  controlled  perfectly,  in 
order  to  place  the  turnover  temperatures  within 
5°C  of  the  Inflection  temperature,  e  must  be  with¬ 
in  about  a  +4  second  range.  Of  course,  if  Instead 
of  specifying  turnover  temperature  one  specified 
the  slope  of  the  frequency  vs.  temperature  charac¬ 
teristic  at  the  operating  temperature,  the  angle 
tolerances  generally  become  easier  to  obtain1'2. 
For  example,  for  the  slope  at  inflection  tempera¬ 
ture  to  be  within  the  range  tlx  10'H  per  <5C,  a 
9-angle  tolerance  of  nearly  t20  seconds  is  suffi¬ 
cient. 

To  obtain  precise  control  of  the  frequency 
vs.  temperature  characteristics,  precise  control 
of  the  angles  of  cut  is  necessary.  However,  from 
experience  with  other  cuts  of  quartz,  angle  con¬ 
trol  alone  is  not  sufficient.  Other  parameters, 
such  as  blank  contour  and  electrode  dimensions, 
can  also  affect  the  frequency  vs.  temperature. 
This  paper  is  a  progress  report  on  Investigations 
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aimed  at  determining  the  effects  of  such  fabrica¬ 
tion  parameters  on  the  frequency  vs.  temperature 
characteristics  of  SC-cut  resonators. 


Fig.  2  -Turning  Points  vs.  * 


Fig.  3  -  Turning  Points  vs.  e 

The  Effects  of  Blank  Contour 

The  radius  of  curvature,  l.e.  the  contour,  of 
a  resonator  blank  has  been  found  to  have  a  sig¬ 
nificant  effect  on  the  frequency  vs.  temperature 
characteristics  of  previously  Investigated  cuts  of 
quartz  resonators.  For  example,  the  apparent  e  - 
angles  of  plano-convex  AT-cut  crystals  are  higher 
than  those,  of  the  same  angle-of-cut  piano-piano 
resonators3  •  Similarly,  the  turnover  tempera¬ 
tures  of  5 MHz  3rd  overtone  BT-cut  resonators  were 
found  to  decrease  significantly  with  Increasing 
blank  curvature.  In  the  current  study,  the  ef¬ 
fects  of  blank  contour  have  been  Investigated  for 
5  MHz  fundamental  mode,  5  MHz  3rd  overtone  and  10 
kHz  3rd  overtone  plano-convex  SC-cut  resonators. 

Experimental  Procedure 

All  blanks  had  a  diameter  of  14mm.  The 
blanks  were  cemented  Into  "buttons",  then  the 


spherical  contours  were  generated,  using  commer¬ 
cially  available  optical  diopter  cups6,  on  the 
Elgin  Model  1-121  lapping  machine  shown  In  Figure 
4.  As  the  diopter  cup  rotates,  the  button  holding 
the  blank  Is  moved  back- and- forth  radially  from 
the  center  of  the  diopter  cup  to  near  the  edge. 
The  button  Is  free  to  rotate,  so  that  each  time 
the  button  reaches  the  center  of  the  diopter  cup. 
It  Is  spun  part-way  around  by  the  rotation  of  the 
cup. 


Fig.  4  -  Machine  Used  For  Contouring 


Since  the-  diopter  cup's  curvature  Is  marked 
on  the  cups  In  units  of  diopters,  for  convenience, 
the  blank  curvatures  throughout  these  experiments 
are  described  In  units  of  diopters,  rather  than  In 
meters  or  reciprocal  meters.  The  units  are  re¬ 
lated  by.  (radiu*  of  curvature.  In  meters)  x 
(contour,  in  diopters)  *  0.530. 

A  water  slurry  of  3  micron  aluminum  c-^de 
abrasive  was  used  In  the  contouring  operatic. 
Since  during  the  study  each  blank  was  recontoured 
several  times,  care  was  taken  to  remove  only 
enough  material  each  time  to  generate  a  full  con¬ 
tour.  Prior  to  each  contouring  operation,  the 
sides  to  be  contoured  were  painted  with  a  water 
Insoluble  Ink,  and  the  contouring  was  monitored  by 
observing  the  decrease  of  the  Ink-spot  size.  The 
contouring  was  terminated  shortly  after  the  Ink- 
spot  had  been  completely  removed. 

Subsequent  to  contouring,  the  blanks  were 
etched  lightly,  mounted  and  bonded  Into  HC-6  en¬ 
closures,  plated  with  pure  gold  electrodes,  then 
solder  sealed.  After  measuring  the  frequency  vs. 
tempeiature  characteristics,  the  resonators'  en¬ 
closures  were  opened,  the  blanks  were  stripped, 
recontoured,  remounted  along  the  same  orientation 
as  before,  plated  the  same  as  before,  and 
resealed.  The  flat  sides  of  the  blanks  were  left 
untouched  during  reprocessing,  l.e.  the  angles  of 
cut  of  the  flat  sides  remained  constant  throughout 
the  experiments. 

Fundamental  Itode  5  Mlz  SC-cut  Resonators 

The  convex  sides  of  a  group  of  eight  5  Wz 
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fundamental  mode  plano-convex  SC-cut  resonators 
were  reprocessed  repeatedly  with  Increasing  con¬ 
tours.  the  nominal  angles  of  cut  of  were  ♦  » 
21°56'  and  8  *  33°38‘ .  The  spread  In  angles  was 
such  that  some  of  the  blanks  resulted  In  resona¬ 
tors  that  had  a  positive  frequency  vs.  temperature 
slope  at  the  Inflection  temperature,  and  some 
resulted  In  resonators  that  had  a  negative 
slope.  Each  blank  was  reprocessed  a  minimum  of 
five  times,  up  to  a  maxlmim  curvature  of  3.0  diop¬ 
ters. 

The  results  for  one  of  the  repeatedly  repro¬ 
cessed  resonators  Is  shown  In  Figure  5,  In  which 
the  normalized  frequency  change  Is  plotted  vs. 
temperature  change  for  six  different  contours. 
Both  axes  In  figure  5  are  referenced  to  the  in¬ 
flection  point. 


Fig.  5  -  Frequency- Temperature  vs.  Contour 

The  slope  of  the  frequency  vs.  temperature 
curve  at  the  Inflection  point  decreased  approxi¬ 
mately  linearly  with  Increasing  blank  curvature. 
For  the  eight  repeatedly  reprocessed  resonators, 
the  average  change  In  slope  was  21.6  x  10'8  per 
diopter.  (The  standard  deviation  was  1.1  x  10'8 
per  diopter.) 

Third  Overtone  5  Wz  and  10  Wz  SC-Cut  Resonators 

The  experiment  was  repeated  with  5  ftlz  3rd 
overtone  and  1U  MHz  third  overtone  resonators. 
The  nominal  angles  of  cut  were  »  -  21°56‘  and  o  - 
34001' . 

The  frequency  vs.  temperature  characteristics 
of  six  5  MHz  3rd  overtone,  4.0  diopter  plano¬ 
convex  resonators  were  measured.  The  blanks  were 
recontoured  In  1.0  diopter  steps.  Three  of  the 
blanks  were  recontoured  to  5.0  diopters,  then  to 
6.0  diopters,  then  to  7.0  diopters,  then  down  to 
3.0  diopters.  The  other  three  blanks  were  recon¬ 
toured  to  3.0  diopters,  then  to  2.0  diopters,  then 
up  to  5.0  diopters,  then  to  6.0  diopters.  As 
before,  the  angles  of  cut  of  the  flat  sides  were 
not  changed  during  reprocessing. 

For  these  six  blanks,  the  average  change  In 


slope  at,  the  Inflection  temperature  was 
3.33  x  10"8  per  diopter.  (The  standard  deviation 
was  0.46  x  10"8  per  diopter.)  The  slope  decreased 
with  Increasing  blank  curvature,  as  It  did  for  the 
fundamental  mode  resonators. 

A  group  of  eight  10  MHz  3rd  overtone  resona¬ 
tors  was  first  measured  when  the  blanks  had  a 
contour  of  1.0  diopter.  Two  of  the  resonators  had 
a  small  positive  slope  at  the  Inflection  point, 
the  other  six  had  small  negative  slopes.  Each  of 
the  blanks  was  recontoured  in  0.5  diopter  steps, 
up  to  3.0  diopters.  The  average  decrease  In  .slope 
at  the  Infection  temperature  was  2.68  x  10"B  per 
diopter.  (The  standard  deviation  was  0.79  x  10*8 
per  diopter.) 

"Angle  Correction"  by  Contouring 

Since  the  slope  of  the  frequency  vs.  tempera¬ 
ture  curve  at  the  Inflection  point  appears  to  vary 
linearly  with  blank  contour,  when  a  blank  Is  re¬ 
contoured,  the  new  slope  can  be  predicted  from  the 
following  expression: 

SN  =  Sj  +  K  (0N  -  Dj)  (1) 

where  SN  *  slope  at  the  Inflection  temperature 
with  the  new  contour 
Sj  =  slope  at  the  Inflection  temperature 
with  the  Initial  contour 
0N  =  new  contour,  In  diopters 
D.  =  Initial  contour.  In  diopters 

-21.6  x  10‘8  per  °C  per  diopter  for  5 
MHz  fundamental  mode  resonators 
an()  K  .  -3.3  x  10  8  per  °C  per  diopter  for  5 

Wz  3rd  overtone  resonators 
-2.7  x  10~8  per  °C  per  diopter  for  10 
__MHz  3rd  overtone  resonators 

Thus,  for  example,  for  5  MHz  fundamental  mode 
resonators,  for  each  1/4  diopter  Increase  In  con¬ 
tour,  the  slope  at  the  Inflection  decreases  by 
5.4  x  10'8  per  °C.  To  place  this  Into  perspec¬ 
tive,  If  the  slope  at  Inflection  is  changed  from 
zero  to  -5.4  x  1CT8  per  °C,  the  lower  turnover 
temperature  Is  lowered  from  the  Inflection  point 
by  17°C,  which,  according  to  Figure  3,  corresponds 
to  an  equivalent  B  -angle  change  of  about  1.5  min¬ 
utes. 

The  slope,  S,  at  the  Inflection  temperature, 
Ti ,  Is  related  to  the  lower  turnover  temperature, 
Tl,  by 

S*-3c,  (Tg  -  Tl)2 

where  c^  Is  the  third  order  temperature  coeffi¬ 
cient  when  the  reference  temperature  Is  T^ .  From 
the  best  fit  to  the  data  from  a  selection  of  82 
frequency  vs.  temperature  curves,  ranging  from 
T(  -  T|_  *  3°C  to  T,  -  TL  -  58°C,  the  empirical 
relationship  between  S  and  TL  Is 

S  *  -1.959  x  10‘10  (^  -  Tl)2  (2) 

This  result  agrees,  to  a  close  approximation, 
with  a  curve  generated  by  Ward8. 
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For  AT-cut  crystals,  the  contour  Is  a  criti¬ 
cal  part  of  the  design.  For  a  given  overtone  and 
frequency,  there  is  usually  a  "best"  contour  for 
maximum  Q  and  minimum  incidence  of  activity 
dips.  Even  small  deviations  from  this  contour  can 
significantly  degrade  performance.  For  SC-cut 
resonators,  it  has  been  found  that  acceptable 
performance  can  be  achieved  over  a  wide  range  of 
contours.  For  example,  for  5  rtiz  fundamental  mode 
resonators,  in  the  range  of  1.25  diopters  to  3.0 
diopters,  neither  Q  degradation  nor  activity  dip 
problems  have  been  observed.  As  the  contour  is 
increased  from  1.25  diopters  to  3.0  diopters,  the 
spacing  between  the  c-mode  and  the  closest  inhar¬ 
monic  mode  increases  by  about  50%,  while  the  re¬ 
sistance  of  the  inharmonic  modes  between  the  c- 
mode  and  b-mode  remain  much  higher  than  the  c-mode 
resistance.  The  capacitance  ratio  also  increases 
by  501.,  from  about  1200  at  1.25  diopters  to  about 
1800  at  3.0  diopters.  0  No  significant  change  in 
acceleration  sensitivity  has  been  observed  between 
resonators  made  with  1.37  diopters  and  those  with 
2.5  diopters.11 

Since  no  adverse  performance  as  a  consequence 
of  contour  variations  has  yet  been  discovered,  the 
contour  dependence  of  the  frequency  vs.  tem¬ 
perature  characteristics  can  be  used  to  "angle 
correct",  i.e.,  to  intentionally  change  the  fre¬ 
quency  vs.  temperature  characteri  sties,  by  recon¬ 
touring  the  blank. 

To  determine  the  new  contour  required  in 
order  to  produce  a  desired  slope  at  the  inflection 
temperature,  one  can  rewrite  equation  (1)  as  fol - 
1  ows : 

°N  *  °I  *  l  <SI  *  SN>  (3) 

Equation  (3)  has  successfully  been  used  to 
produce  fundamental  mode  5  FHz  SC-cut  resonators 
that  closely  approximate  the  "ideal"  curve  shown 
in  Figure  1.  Initially,  the  blanks  are  ordered  to 
have  a  low  6 -angle  such  that  when  resonators  are 
made  with  a  1.25  diopter  contour,  most  of  the  re¬ 
sonators  have  near  zero  to  a  small  positive  slope 
at  the  inflection  point.  The  slopes  at  the  in¬ 
flection  point  are  measured,  and  the  blanks  are 
recontoured  in  accordance  with  equation  (3). 

For  example,  the  process  for  making  blanks 
for  5.115  Wz  fundamental  mode  resonators  consists 
of  final -1  apping  the  blanks  to  4.660  MHz  with  1  urn 
aluminum  oxide  abrasive,  using  an  electrometer  for 
marking  the  fast-etch  sides1^  (i.e.,  the  negative- 
on-compression  sides)  with  water-insoluble  ink, 
contouring  the  marked  side  with  1.25  diopters 
using  3  «i  of  5  urn  abrasive,  making  solder-sealed 
resonators,  measuring  the  frequency  vs.  tempera¬ 
ture  characteri  sties,  stripping  the  blanks,  recon¬ 
touring  in  accordance  with  equation  (3),  and  chem¬ 
ical  polishing  1J  up  to  the  final  blank  frequency. 

Figure  6  shows  the  frequency  vs.  temperture 
characteristics  of  one  of  the  first  resonators  on 
which  the  method  was  tried.  (The  breaks  in  this 
frequency  vs.  temperature  curve  are  due  to  the 
fact  that  only  the  three  least  significant  digits 
of  the  counter  output  are  plotted.  After  A  f  - 


99  Hz,  the  plotter  returns  to  zero.)  The 
initial  contour  was  1.37  diopters,  which  produced 
a  slope  at  the  inflection  point  of  12.4  x  10"° 
per  °C.  To  shift  this  slope  to  zero,  equation 
(3)  yields  DN  *  1.94  diopters.  The  blank  was 
recontoured  to  2.0  diopters,  the  closest  available 
diopter  cup.  Figure  7  shows  the  result.  This 
"angle  correction"  method  has  also  been  success¬ 
fully  applied  by  Ward.14 


Fig.  6  -  SC-cut  Frequency  vs.  Temperature 
Characteristics  Before  Correction 


Fundamental  Mode  PU«o-Canv«*  SC-Cut  R««tn*toi 


•k*  *V  .V  ,  <*  :  V 

Fig.  7  -  SC-cut  Frequency  vs.  Temperature 
Characteristics  After  Correction 

The  Effects  of  Electrode  Dimensions 

The  effects  of  electrode  diameter  and  of 
plateback  have  been  investigated  for  5  ftiz  funda¬ 
mental  mode  SC-cut  resonators.  The  electrode 
material  was  pure  gold  for  all  resonators.  In 
order  to  maximize  the  sensitivity  to  apparent 
angle-of-cut  changes,  resonators  with  near  zero 
slopes  at  the  inflection  point  were  selected. 
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The  Effects  of  Electrode  Diameter 


Seven  resonators  were  plated  If2  (i.e.  0.5'i 
mass  loading)  using  a  7  inn  diameter  circular  elec¬ 
trode  mask.  The  blank  contours  were  1.37  diop¬ 
ters.  After  the  frequency  vs.  temperature  charac¬ 
teristics  had  been  measured,  the  electrodes  were 
removed,  the  resonators  were  replated  with  the 
same  electrode  thickness  using  a  A  mm  diameter 
electrode  mask,  and  the  frequency  vs.  temperature 
characteri sties  were  remeasured. 

The  smaller  electrodes  shifted  the  apparent 
angles  of  all  resonators  to  higher  values.  The 
slopes  at  the  inflection  point  shifted  by  an  aver¬ 
age  of  -  2.6  x  10"°  per  ®C.  (The  standard  devia¬ 
tion  from  the  mean  was  1.1  x  10  .) 

According  to  equation  12)  a  shift  in  slope 
from  zero  to  -  2.6  x  10'°  per  °C  lowers  the  lower 
turnover  temperature  to  11°  below  the  inflection 
temperature,  which,  according  to  Figure  3,  corre¬ 
sponds  to  an  apparent  "-angle  change  of  about  40 
seconds. 

The  Effects  of  Plateback 

O 

Foue  1.0  diopter  resonators  were  plated  If, 
then  2'/  ,  then  4f  .  To  minimize  the  effects  due 
to  electrode  dimension  variations,  each  plating 
step  was  performed  in  one  step,  starling  with 
unplated  blanks,  rather  than  overplating  the  pre¬ 
viously  deposited  electrodes. 

The  average  shift  in  the  slopes  at  the  in¬ 
flection  point  varied  linearly  with  plateback,  and 
was  -2.6  x  10"a  per  f2  plateback.  (The  standard 
deviation  was  0.97  x  10'a  per  f2 . )  This  shift 
corresponds  to  an  apparent  -angle  increase  of 
about  40  seconds  per  fz,  or  to  about  1  minute  20 
seconds  per  U  mass  loading. 

For  comparison,  when  10  MHz  fundamental  mode 
AT-cut  resonators  were  plated  with  increasing 
thicknesses  of  indium  electrodes,  the  apparent 
angle  increase  vyjs  about  2  minutes  40  seconds  per 
IS.  mass  loading.  b 

Concl usions 

The  frequency  vs.  temperature  characteristics 
of  SC-cut  resonators  are  highly  sensitive  to  blank 
contour.  This  sensitivity  has  two  important  con¬ 
sequences:  1.  the  effect  can  be  used  to  adjust 

the  frequency  vs.  temperature  characteri  sties,  and 

2.  even  when  one  has  "perfect"  angle-of-cut  con¬ 
trol,  the  contour  must  be  controlled  carefully  in 
order  to  produce  resonators  of  predictable  fre¬ 
quency  vs.  temperature  characteristics. 

SC-cut  crystals'  temperature  coefficients  are 
also  sensitive  to  electrode  dimensions.  Reducing 
the  electrode  area  and  Increasing  the  plateback 
both  result  in  an  increase  in  the  apparent  o- 
angle.  Since  no  adverse  consequences,  such  as 
activity  dips,  were  observed  during  the  experi¬ 
ments,  adjusting  the  plateback  and  the  electrode 
area  also  may  be  useful  for  "angle  correcting" 
over  a  small  range. 


SC-cut  crystals  have  been  found  to  be  remark¬ 
ably  free  of  activity  dips  over  a  wide  range  of 
parameters.  Of  the  numerous  designs  evaluated, 
only  one  marginal  design  has  so  far  produced 
activity  dips.  (A  small  activity  dip  was  re¬ 
peatedly  observed  near  20°C  in  fundamental  mode  5 
MHz  resonators  with  a  1.12  diopter  blank  contour, 
however,  1.12  diopter  is  near  the  contour  below 
which  O-degradation  begins  to  occur.) 

Until  economical  methods  of  X-ray  orienting 
and  angle  correcting  SC-cut  crystals  become  avail¬ 
able,  the  use  of  the  SC-cut's  contour  sensitivity 
can  serve  as  a  means  for  producing  "good"  SC-cut 
resonators.  To  avoid  the  need  for  double  pro¬ 
cessing,  an  economical  method  for  X-ray  orienting 
is  necessary.  Once  such  an  orientation  method 
becomes  available,  unless  some  adverse  con¬ 
sequences  of  varying  the  contour  are  uncovered 
later,  varying  the  contour  may  be  a  competitor  to 
other  angle  correction  techniques.  For  example, 
rather  than  sorting  blanks  according  to  the 
amounts  and  directions  of  angles-of-cut  shifts 
necessary,  blanks  can  be  sorted  according  to  the 
contours  that  will  produce  the  desired  frequency 
vs.  temperature  characteristics.  Whichever  angle 
correction  technique  is  eventually  adopted,  accu¬ 
rate  control  of  blank  contour  will  still  be  essen- 
ti  al . 

Only  14  mm  blank  diameters  were  used  in  these 
experiments.  Due  to  the  relative  insensitivity  of 
the  designs  to  blank  contour  (with  respect  to  Q 
and  activity  dips),  it  is  probable  that,  espe¬ 
cially  for  the  5  Mlz  fundamental  mode  resonators, 
acceptable  performance  can  be  obtained  with 
smaller  blank  diameters. 
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Abstract 


Fabrication  Details 


THe  acceleration  sensitivities  and  warmup 
characteristics  of  four-point-mounted  SC  and  AT- 
cut  resonators  have  been  investigated.  The  accel¬ 
eration  sensitivities  were  determined  from  the 
vibration  induced  sidebands.  For  each  resonator, 
measurements  were  made  as  functions  of  vibration 
direction  and  vibration  frequency.  The  resonator 
parameters  studied  included  the  angles  of  cut  (AT 
vs.  SC),  the  mounting  orientation,  overtone 
number,  blank  geometry  ( pi ano-pl ano,  plano-convex 
or  biconvex),  mounting  clip  stiffness,  and  blank 
material  (natural  quart/,  cultured  quartz  or  swept 
cul  tured  quartz) . 

The  warmup  charac teri sties  were  measured  by 
monitoring  the  resonator  frequency  with  a  CI- 
meter,  immersing  the  resonator  in  ice  water,  and 
after  thermal  equilibrium  had  been  reached, 
rapidly  immersing  the  resonator  into  boiling 
water.  The  warmup  times  of  various  designs,  fun¬ 
damental -mode  and  3rd  overtone,  AT  and  SC-cuts  are 
compared.  It  is  shown  that  four-point-mounted 
ceramic  flatpack  enclosed  SC-cut  resonators  are 
capable  of  warmup  from  0°C  to  within  2  x  10 *'  of 
the  I00°C  frequency  in  20  seconds. 

Key  Words:  Quartz,  quartz  crystals,  quartz 
resonators ,  SC-cut,  AT-cut,  acceleration,  warmup, 
frequency  control . 


Introduction 


This  is  a  progress  report  on  characterizing 
the  warmup  and  acceleration  characteristics  of 
ceramic  flatpack  enclosed  quartz  crystal  resona¬ 
tors  of  various  designs.  Fast  warmup  is  desirable 
in  many  applications.  The  effect  of  rapid  temper¬ 
ature  change  was  investigated  to  determine  the 
parameters  that  are  important  for  minimizing  warm¬ 
up  time.  Acceleration  sensitivity*  is  becoming  a 
limiting  factor  in  system  performance  as  other 
noise  sources  are  being  diminished.  This  is  true 
for  more  than  just  mobile  applications.  All  pre¬ 
cision  frequency  sources  are  subject  to  accelera¬ 
tions,  often  in  the  form  of  building  vibrations 
and  shocks  transmitted  through  the  floor  and 
amplified  by  resonances  in  benches  and  equipment 
racks. 


Resonator  Enclosures 


The  resonators  were  packaged  in  the  ^eramic 
flatpack  enclosures  described  previously.  The 
packages  are  currently  fabricated  in  two  sizes. 
Both  are  made  from  high  alumina  ceramic,  with 
tungsten  feedthroughs.  All  resonators  were  sealed 
at  an  elevated  temperature,  in  a  high  vacuum  (10”' 
torr),  after  a  350°C  vacuum  bake.  The  larger 
package,  figure  1,  is  19mm  across  the  flats  and  is 
5.5mm  thick.  The  blank  diameters  of  the  5MHz  and 
10MHz  resonators  enclosed  in  this  package  are  both 
14mm.  The  smaller  package  is  square,  1cm  x  1cm, 
and  is  3.7mm  thick.  It  houses  the  6.4mn  diameter, 
22MHz  fundamental  mode  hi  gh-^hock-resi  stant  re¬ 
sonators  described  previously. 


Fig.  1  -  Ceramic  Flatpack  Resonator  (Left) 

Mounting  Structure 

The  details  of  the  mounting  structure  are 
important  in  both  the  acceleration  (especially 
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vibration)  response,  and  the  warmup  behavior.  The 
mounting  structure  has  been  described  pre¬ 
viously.  The  mounting  clip,  called  che  "L"  clip, 
is  depicted  in  Figure  2.  The  material  is  25  u  m 
thick  molybdenum  ribbon  bent  into  an  inverted  “L" 
shape.  The  clips  are  brazed  to  the  ceramic  enclo¬ 
sure,  and  the  quartz  plate  is  bonded  to  the  clips 
using  a  silver  filled  polyimide  adhesive. 


s::vir  i  a. id  i"ii Yit'iui 


Acceleration  Sensitivity 
Measurement  Procedure 


The  acceleration  sensitivities  were  deter¬ 
mined  from  the  vibration  induced  sidebands,  as  is 
described  elsewhere  in  these  Proceedings.  In 
this  report,  the  sensitivities  are  described 
by  | r | ,  which  is  the  magnitude  of  the  acceleration 
sensitivity  coefficient  in  the  most  sensitive 
direction. 

Parameters  Investigated 
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Fig.  2  -  “L"  t  ip 

The  plano-convex  plates  are  mounted  onto  the 
clips  so  that  the  piano  sides  are  resting  on  the 
clips.  Since  the  two  faces  of  an  SC-cut  plate  are 
not  equivalent,  it  was  decided  in  the  early  stages 
of  these  experiments  to  control  the  SC-cut  blank 
faces  to  be  contoured.  Most  of  the  plano-convex 
SC-cut„  plates  were  contoured  on  the  fast-etch 
sides10  (i.e.,  the  negative-on-compression  sides). 

The  width  of  the  clip  was  0.75um  for  the 
22MHz  units  and  1.5  pm  for  the  5t*tz  and  10MHz 
units.  The  height  of  the  clip  was  0.70 urn  for  the 
22f*iz  units  and  also  for  the  5  and  10MHz  units 
with  the  designation  "short  clips".  The  height  of 
the  clips  designated  "long  clips"  was  1.1mm. 

The  orientation  of  the  clips  with  respect  to 
each  other  and  with  respect  to  the  crystallo¬ 
graphic  axes  of  the  quartz  plate  was  varied.  The 
22MHz  units  had  4  clips  located  either  t45°  from 
the  ZZ'  axis,  (at  -f  -  45°,  135°,  225°,  315°), 
called  the  90°  mount,  or  located  t30°  from  the 
ZZ'  axis  (  *  =  60°.  120°,  240°,  300°),  and  called 

the  60°  mount.  Three  different  mounting  configur¬ 
ations  were  used  in  the  larger  package.  In  one, 
the  4  clips  were  spaced  90°  apart  and  located  on 
the  XX'  and  ZZ'  axes  (  1/  =  0°,  90°,  180°,  270°). 
The  second  configuration  also  used  4  clips  spaced 
90°  apart,  but  the  location  was  rotated  by  14° 
from  the  orevious  configuration,  (  ik  «  14°,  104°, 
194°,  284”).  The  third  configuration  consisted  of 
three  clips  located  at  ik  *  14  ,  194°  and  284°. 


The  effects  of  several  fabrication  parameters 
on  the  acceleration  sensitivity  coefficient  were 
investigated.  The  first  was  the  angle  of  cut: 
AT-cut  vs.  SC-cut  of  the  same  frequency  and  over¬ 
tone.  The  second  parameter  was  the  mounting  con¬ 
figuration:  three-point  vs.  four-point  mounting, 

and  the  clip  orientations.  The  third  parameter 
was  the  geometry  of  the  quartz  plate:  plano-plano 
vs.  plano-convex  vs.  bi -convex,  and  the  thickness 
of  the  quartz  plate.  The  fourth  parameter  was  the 
type  of  quartz  material  used:  natural  quartz  vs. 
cultured  quartz  vs.  swept  cultured  quartz. 

Experimental  Results 

The  average  values  for  the  magnitude  of  the 
acceleration  sensitivity  vector,  |r|  ,  for  all  of 
the  resonators  measured  is  given  in  Table  I.  The 
right-most  column  gives  the  maximun  and  minimum 
value  for  each  group.  Figure  3,  is  a  graphical 
summary  of  Table  I.  The  vertical  axis  is  the 
logarithm  of  the  average  value  of  |r|,  with  the 
limits  of  the  bars  being  the  maximun  and  minimum 
of  the  group. The  numbers  correspond  to  the  line  in 
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Fig.  3  -  Graphical  Summary  of  Table  I  (See  Text) 
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TABLE  I 


TREQ. 

(Miz) 

CUT 

- - - - 

0/T 

GEOM. 

MOUNT 

QUARTZ 

MATERIAL 

( x!0~  /g) 

(YM/'K'i) 

(xlO-'O/g) 

1 

5.115 

AT 

i 

Plano-Convex 

4pt.  (X-Z)  Short 

Natural 

10;;. 

(125/91) 

2 

" 

" 

" 

Bi -Con  vex 

" 

~ 

11 

9.0 

(11.8/53; 

3 

SC 

Plano-Convex 

3pt.  (14°)  Short 

14.3 

* 

4 

" 

11 

" 

4pt.  (14°)  Short 

" 

6.2 

(7. 1/4.6) 

5 

" 

" 

" 

4pt.  (X-Z)  Short 

" 

6.5 

(7. 1/3. 5) 

6 

" 

4pt.  (X-Z)  Long 

" 

9.2 

(11.5/6.5) 

7 

1 

Swept  Cultured 

11.7 

( 1 3.2/8. 7) 

AT 

3 

" 

4pt.  (X-Z)  Snort 

Natural 

7.4 

* 

4pt.  (X-Z)  Long 

" 

13.4 

(14.6/12.1 ) 

1 

bh 

" 

Unswept  Cultured 
Swept  Cultured 

14.7 

11.8 

(24.0/ 1C, 5) 
02. C/ll. 6) 

IK 

10.0 

AT 

5 

4pt.  (X-Z)  Snort 

Natural 

27. 

* 

13 

" 

" 

4pt.  (X-Z)  Long 

33. 

(35/26) 

14 

'■ 

SC 

i 

r  •• 

" 

Unswept  Cul  tured 

14. 

08/13)  | 

1 - 

1  15 

*i  .3 

AT 

1 

iPlar.o-Plano 

4pt.  (50°)  Snort 

Natural 

8.5 

* 

1 16 

L_ 

_ _ _ 

4pt .  (60°)  Short 

|  16.3 

* 

‘Only  one  unit  of  this  type  was  evaluated  to  date. 


Table  1  for  each  group  of  resonators.  The  groups 
were  arranged  in  order  of  acceleration  sensitivity 
for  clarity.  There  is  no  physical  significance  to 
the  hori  ion  tal  a  *  i  s  . 

It  is  interesting  to  note  that  the  accelera¬ 
tion  sensitivity  of  5MHz  fundamental  mode  AT-cut 
resonators  decreases  oy  a  factor  of  12,  to 
9  *  10'10  per  g,  by  changing  the  geometry  from 
plano-convex  (line  1]  to  the  more  symmetrical  bi¬ 
convex  shape  (line  2).  The  22MHz  units  (line  15) 
are  also  more  symmetrical,  being  plano-plano.  The 
acceleration  sensitivity  for  the  22 MHz  units  with 
90°  mounting  is  B.5  x  10'^/g.  The  sensitivity 
for  60°  mounting  (line  16)  is  about  twice  that  of 
the  90°  mounting.  The  units  of  lines  1,  2,  15  and 
16  were  fabricated  with  natural  quartz  and  were 
mounted  on  "short1'  clips. 

Comparison  of  the  3rd  overtone  plano-convex  5 
MHz  AT-cut  units  (line  8)  to  the  fundamental  mode 
plano-convex  5MHz  AT-cut  units  (line  1)  shows  a 
decrease  in  sensitivity  by  nearly  a  factor  of 
15.  These  overtone  units  are  virtually  identical 
in  performance  to  the  fundamental  mode  bi  -convex 
AT-cut  units  (tine  2).  The  5MHz  3rd  overtone  AT- 
cut  units  with  long  clips  (line  9)  are  about  a 
factor  of  2  worse  than  the  similar  units  with 
short  clips  (line  H) . 

The  1U  ftiz  third  overtone  AT-cut  units,  both 
with  short  (line  12)  and  long  (line  13)  clips, 
showed  disappointing  performance.  These  units  had 
four  times  poorer  sensitivity  than  the  5MHz  3rd 


overtone  AT-cut  units  with  short  clips.  The  con¬ 
tour  on  the  5 MHz  3rd  overtone  units  was  about 
twice  (4.0  diopters)  that  on  the  10MHz  3rd  over¬ 
tone  units  (1.62  or  2.0  diopters). 

The  lowest  sensitivity  was  obtained  with 
fundamental  mode  5MHz  plano-convex  SC-cut  resona¬ 
tors  (line  5).  Rotation  of  the  mounting  orienta¬ 
tion  by  14°  (line  4)  from  the  ^  =0°,  90°,  180°, 
270°  orientation  did  not  significantly  change 
performance.  Removal  of  one  clip  from  the  14° 
orientation  in  an  attempt  to  produce  the  configur¬ 
ation  predicted11  fn-  optimun  performance  (line  3) 
resulted  in  a  rather  significant  increase  in  the 
acceleration  sensitivity.  Units  similar  to  those 
of  line  5,  but  with  long  clips  (line  6),  also 
showed  an  increase  in  acceleration  sensitivity. 
Substitution  of  swept  cultured  quartz  (line  7) 
produced  almost  no  change  in  performance  from  that 
of  the  natural  quartz  units  (line  6). 

The  performance  of  the  third  overtone  5  MHz 
SC-cut  units  was  also  disappointing.  Neither  the 
units  fabricated  from  swept  cultured  quartz  (line 
11)  nor  those  fabricated  from  unswept  cultured 
quartz  (line  10)  had  acceleration  sensitivities 
lower  than  any  of  the  four-point  mounted  SC-cut 
fundamental  mode  units  (line  4-7).  It  does  not 
appear  that  there  is  a  difference  between  units 
made  with  swept  or  unswept  cultured  quartz,  or 
between  units  made  with  cultured  and  natural 
quartz.  The  range  of  results  in  each  group  is 
larger  than  any  differences  between  the  groups. 
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Third  overtone  10MHz  SC-cut  units  were  fabri¬ 
cated  from  unswept  cultured  quartz  only  (line 
14).  These  units  had  approximately  the  same  sen¬ 
sitivity  as  the  5MHz  3rd  overtone  SC-cut  units 
(lines  10  and  11),  and  were  better  by  a  factor  of 
two  when  compared  to  10MHz  3rd  overtone  AT-cut 
uni  ts  (1 ines  12  and  13) . 

The  conclusions  one  can  draw  from  the  results 
in  Table  I  are  as  follows: 

1.  The  best  SC-cut  designs  evaluated  to  date 
have  failed  to  produce  a  substantial  improvement 
over  the  best  AT-cut  designs. 

2.  For  AT-cut  resonators,  the  acceleration 

sensitivity  along  the  direction  normal  to  the 
blank  is  significantly  higher  than  along  the  worst 
direction  in  the  plane  of  the  blank.  For  SC-cut 
resonators,  the  sensitivity  along  the  normal  to 
the  blank  is  comparable  to  the  sensitivity  along 
the  worst  direction  in  the  plane  of  the  blank 
i.e.  is  neuHy  along  the  normal  to  the  blank 

for  AT-cut  resonators,  but  not  near  the  normal  nor 
near  the  plane  of  the  blank  for  SC-cut  resonators. 

3.  For  fundamental  mode  AT-cut  resonators, 

symmetrical  (i.e.  plano-plano  and  biconvex)  blank 
geometries  produce  a  significant  improvement  in 
acceleration  sensitivity  over  plano-convex  geome¬ 
tries.  Although  only  plano-convex  SC-cut  blank 
geometries  have  been  evaluated  in  these  studies  to 
date,  no  systematic  variation  in  acceleration 
sensitivities  was  observed  for  fundamental  mode 
SC-cut  resonators  over  a  1.0  diopter  to  2.5 
diopter  contour  range.  The  importance  of  symmetry 
for  AT-cut  resonators  agrees  with  the  results 
obtained  previously  by  others.  4  Since  SC- 

cut  crystal  plates  are  inherently  asymmetrical  in 
the  thickness  direction,  the  meaning  and  signifi¬ 
cance  of  a  "symmetrical"  mounting  configuration 
for  SC-cut  crystals  is  less  clear-cut. 

4.  For  plano-convex  AT-cut  resonators,  the 
third  overtone  units  have  substanti  al  ly  lower 
acceleration  sensitivities  than  the  fundamental 
mode  units.  On  the  other  hand,  among  the  plano¬ 
convex  SC-cut  resonators,  the  3rd  overtone  units 
have  so  far  not  shown  an  improvement  over  the 
fundamental  mode  units. 

5.  Based  on  these  experiments  and  pn  experi¬ 
ments  reported  by  others  perviousl y .  ’ - 16  finding 
a  design  that  can  consistently  produce  a  few  parts 
in  1U11  per  g  acceleration  sensitivity  has  been 
elusive  lo  date.  In  applications  where  less  than 
1  x  10‘ 10  vibrjatlon  sensitivity  is  required,  pairs 
of  resonators"’1'  or  active  compensation1”’14’^0 
methods  need  to  be  used. 

Warmup  Characteristics 

The  warmup  time  of  a  crystal  resonator  is  the 
time  requi  red  for  the  frequency  to  arrive  to  with¬ 
in  some  specified  offset  from  the  equilibrium 
frequency  after  a  step  change  in  temperature.  The 
warmup  time,  in  addition  to  depending  on  the  temp¬ 
erature  step  and  the  frequency  offset  chosen, 
depends  on  the  thermal  properties  of  the  enclosure 


with  its  mounting  clips,  and  on  the  response  of 
the  resonator  to  thermal  transients.  To  minimize 
warmup  time,  the  resonator  should  be  thermal  tran¬ 
sient  compensated,  that  is,  the  frequency  vs. 
temperature  characteristic  during  warmup  should  be 
the  same  as  the  static  frequency  vs.  temperature 
charac  teri  Stic . 

Parameters  Investigated 

Most  of  the  resonators  used  in  this  warmup 
study  had  a  frequency  of  5MHz ,  were  enclosed  in 
the  ceramic  flatpack  shown  in  Figure  1,  and  were 
supported  on  four  mounting  clips  located  9U° 
apart.  The  parameters  investigated  were:  1. 

blank  thickness,  (i.e.  the  overtone  number),  2. 
angles  of  cut,  (i.e.  AT  vs  SC),  and  3.  clip 
length.  The  warmup  characteri  sties  of  22MHz  fun¬ 
damental  mode  AT-cut  resonators,  enclosed  in  the 
smaller  flatpack.  were  also  investigated. 

Experimental  Procedure 

The  warmup  characteri  sties  were  measured  by 
monitoring  the  resonator  frequency  with  a  f.I- 
meter,  immersing  the  resonator  in  ice  water,  and 
after  thermal  equilibrium  had  been  reached, 
rapidly  immersing  the  resonator  into  boiling 
water.  The  curve  in  Figure  4  illustrates  the 
results  obtained  for  an  AT-cut  fundamental  mode 
resonator.  The  vertical  axis  is  frequency;  the 
horizontal  axis  is  time. 

The  details  of  the  curve  requi  re  some  expla¬ 
nation.  The  dynamic  range  of  the  di qi tal -to-ana- 
log  converter  used  to  interface  the  frequency 
counter  to  the  recorder  was  1000Hz;  the  resolution 
was  1Hz.  The  graph,  therefore,  only  represents 
the  three  least  significant  digits  of  the  5MHz 
frequency.  Every  time  the  frequency  passes 
through  a  multiple  of  1000Hz  the  plotter  pen 
returns  to  zero.  For  example,  in  figure  4,  the 
0°C  frequency  is  5, 115,294Hz.  The  line  labeled 
U°C  is  at  294Hz.  The  100°C  line  is  at  710Hz, 
which  appears  to  be  higher,  but  due  to  the  "roll¬ 
over"  it  is  actually  lower,  being  at  5, 114,710Hz. 

Resul ts 

In  figure  4,  the  large  undershoot  that  is 
characteristic  of  AT-cut  resonators  takes  place 
during  the  initial  5  seconds.  At  5  seconds,  the 
frequency  vs.  time  curve's  slope  is  reversed.  If 
the  frequency  had  tracked  the  static  frequency  vs. 
temperature  curve,  the  frequency  vs.  rime  curve 
would  have  approached  the  100°C  frequency  from 
above.  The  frequency  is  within  0.2  ppm  (1Hz)  of 
the  final  frequency  after  47  seconds.  For  com¬ 
parison,  it  took  an  HC-36  enclosed,  2  point- 
mounted  AT-cut  resonator  about  22  seconds  just  to 
turn  around  from  the  undershoot.  The  22MHz  funda¬ 
mental  mode  AT-cut  crystals  in  the  smaller  flat- 
packs  turned  around  from  the  undershoot  in  1.5 
seconds,  after  experiencing  an  undershoot  of  1.5 
kHz . 

Figure  5  shows  the  results  for  the  same  ex¬ 
periment  performed  on  an  SC-cut  fundamental  mode 
resonator.  Mote  the  absence  of  any  significant 
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Fig.  4  -Warmup  of  5MHz  AT-cut  Fundamental  Mode  Resonators 


overshoot.  The  frequency  tracks  the  static  fre¬ 
quency  vs.  temperature  curve  nearly  perfectly. 
This  resonator  was  within  0.2  ppm  of  the  final 
frequency  after  24  seconds.  If  there  had  been  no 
overshoot,  rather  than  the  0.4  ppm  observed  for 

this  particular  unit,  the  time  to  warmup  to  within 
0.2  ppm  would  have  been  less  than  20  seconds. 

Table  II  is  a  summary  of  the  results  for 

several  types  of  5  MHz  resonators.  It  can  be  seen 
that  the  SC-cut  units  warm  up  substantially  faster 
than  the  AT-cut  units.  The  "time  constant" 

column,  due  to  the  minimal  overshoot  of  the  SC-cut 
resonators,  is  the  thermal  time  constant  of  the 
ceramic  flatpack  enclosed  resonators.  It  is  in¬ 
teresting  to  note  that  the  time  constant  for  the 

long-clip  fundamental  mode  unit  is  nearly  iden¬ 
tical  to  that  of  the  long-clip  third  overtone  unit 
(that  has  a  quartz  plate  which  is  three  times  more 
massive) . 

It  has  been  previously  stated21  that  the 

warmup  time  for  a  third  overtone  unit  is  about 

three  times  that  of  a  fundamental  mode  unit.  A 

simple  model  will  show  why  that  is  not  necessarily 

so.  The  thermal  equivalent  circuit  of  a  resonator 
is  shown  in  Figure  6.  The  two  thermal  resistances 
are  the  clips  (R-)  and  the  quartz  plate  (Rp).  The 
quartz  plate's  heat  capacity,  represented  by  a 
capacitor  (Cp),  is  much  greater  than  the  heat 


capacity  of  the  clips.  The  thermal  time  constant 
of  the  clip-quartz  plate  system  is  therefore  given 
by 


x=  (Rc  +  Rp)  Cp  (1) 

The  thermal  resistance  of  a  fundamental  mode 
quartz  plate  is  three  times  that  of  a  third  over¬ 
tone  plate  of  the  same  frequency  because  it  has 
1/3  the  thickness,  i.e. 


Rp  (fund)  -  3  Rp  (3rd  overtone)  (2) 

Also,  the  heat  capacity  of  a  fundamental  mode 
plate  is  three  times  smaller  than  that  of  a  third 
overtone  plate  because  it  has  1/3  the  mass,  i.e. 


Cp(fund)  =  1/3  Cp  (3rd  overtone)  (3) 

Therefore,  the  term  RpCp  is  Independent  of 
overtone.  If  Rc  is  much  greater  than  Rp,  then 
from  equation  ( 1) , 

t  =  RcCp  (Rc  »  Rp)  (4) 

and  therefore 


t  ( 3rd  0/T)  -  3  t  ( fund) ; 


(5) 
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Fig.  5  -Warmup  of  5MHz  SC-cut  Fundamental  Mode  Resonators 


TABLE  II 


frequency/ 

CL  It' 

time: 

FREQUENCY 

WARMbT  TO 

OVERTONE/ 

Length* 

CONSTANT 

OVERSHOOT 

2  x  10-7 

CUT 

1 

(SECONDS) 

(PPM) 

of  F  (100°C) 

*  (clips) 

R  PLAU. 

5  Mz/l/St 

SHORT 

7 

0.5 

24  SEC 

A  A  k 

A  '  h 

5  mz/i/sc 

LONG 

10 

0.2 

26  SEC 

\  ;\  A 

/  .  : 

3  MHz/ 3/SC 

rose 

12 

0.8 

— 

■' . ^\!\\r 

5  ttiz/l/AT 

SHORT 

t  ’* 

77 

4  7  SEC 

\  \  \ 

¥  >  t 

5  MHz/3/AT 

SHORT 

__ 

54 

84  SEC  (UTP- 

3  Ml z. /3/AT 

ShORT 

__ 

44 

92°C) 

*SH0KT  *  0. 76  mm 
LONG  -  1.5  x  SHORT 


The  situation  is  different  if  the  thermal 
resistance  of  the  clips  is  much  less  than  that  of 
the  quartz  plate.  In  that  case 


=  *PCP 


l»c  «  V 


which  is  independent  of  overtone. 


Fig.  6  -  Thermal  Equivalent  Circuit  of  a  Ceramic 
Flatpack  Resonator 

In  the  ceramic  flatpack,  the  geometry  is  such 
that  the  ratio  of  the  thermal  resistance  of  the 
quartz  plate  to  the  thermal  resistance  of  the 
clips  is  approximately  equal  to  the  ratio  of  the 
thermal  conductivity  of  molybdenum  to  quartz. 
Since  the  thermal  conductivity  of  molybdenum  is 
about  ten  times  that  of  quartz,  for  the  ceramic 
flatpack  enclosure,  Rc  is  much  less  then  Rp>  and 
equation  (6)  is  a  close  approximation. 


115 


It  has  been  shown,  therefore,  that  the  ther¬ 
mal  time  constant  of  ceramic  flatpack  enclosed 
resonators  is  approximately  independent  of  blank 
thickness.  Properly  designed  ceramic  flatpack 
enclosed  5MHz  SC-cut  resonators  can  warm  up  to 
within  2  x  10"'  of  the  equilibria  frequency  in 
less  than  20  seconds  after  a  1U0°C  step  change  in 
tanperature .  The  potential  therefore  exists  for  a 
warmup  time  of  substanti al  ly  less  than  one  minute 
by  using  fast  warmup  oscillators  with  ceramic 
flatpack  resonators. 
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REDUCTION  OF  THE  EFFECTS  ()F  VIBRATION  ON  SC -CUT 
•JUAKTZ  CRYSTAL  OSCILLATORS 


VINCENT  K.  ROSATI  and  RAYMOND  L.  FILLER 


US  Army  Electronics  Technology  Devices  Lahoratorv  (KRADCOM) 
Fort  Monmouth,  N  J  0  7/03 


Abst  rac  t 

lo  provide  the  necessary  spectral  purity  for 
modern  ccmmun icat ions ,  navigation,  and  radar  sys¬ 
tems,  reduction  in  the  acceleration  sensitivity 
(y)  ot  quartz  resonators ,  e.g.,  from  y  -  10“^Vg 
to  y  =  l()"l-'/g,  is  required.  Several,  passive 
(i.e.,  involving  the  resonator  only)  methods  to 
accomplish  Lhis  reduction  are  being  pursued.  IW 
examples  of  the  passive  approach  are  the  proper 
design  of  single  resonators,  and  dual  resonators. 
An  active  method  (involving  electronic  circuitry) 
has  also  been  investigated  and  shown  to  be  capable 
of  an  additional  reduction  by  a  factor  of  about 
30.  However,  the  nonlinearity  of  the  varactors 
used  for  implementation  of  this  method  limit  the 
ultimate  amount  of  reduction  possible. 

Tlie  work  presented  here  is  an  alternative 
active  method  which  exploits  the  linear  voltage/ 
frequency  characteristic  of  SC-cut  crystals.  The 
method  consists  of  applying  a  properly  phased 
electrical  replica  of  the  vibration  directly  to 
the  crystal's  electrodes.  A  series  of  experi¬ 
ments,  using  several  different  SC-cut  crystals, 
was  conducted  to  determine  the  efficacy  of  the 
approach. 

A  crystal  oscillator  was  modified  to  permit 
the  application  of  the  compensation  voltage  with¬ 
out  affecting  the  oscillator  circuitry. 

The  range  over  which  the  compensation  was 
tested  were*  acceleration  -  1  to  LA  g;  vibration 
frequency  -  50  to  500  Hz;  magnitude  of  compensating 
voltage  -  20  to  20  V  P-P,  depending  on  the  Initial 
value  of  Y* 

Early  results  show  that  y  can  be  reduced  by 
almost  three  orders  of  magnitude  at  discrete 
frequencies,  and  by  one  order  of  magnitude  over 
50  to  500  Hz  range. 

KEY  WORDS 

Quartz,  quartz  crystals,  quartz  resonator, 
quartz  oscillator,  crystal  oscillator,  SC-cut, 
acceleration,  vibration,  phase  noise,  acceleration 
compensat ion . 


1  n  t  roduc  tion 

Many  modern  communications,  navigation,  and 
radar  systems  must  operate  from  vibrating  platforms 
such  as  aircraft,  tanks,  trucks,  etc.  To  realize 
the  systems'  full  potential  it  is  necessary  that 
the  effects  of  vibration  on  frequency  and  phase 
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FIGURE  1:  Phase  noise  degradation  of  a  high 

quality  oscillator  subjected  to  1  g 
random  vibrations. 

noise  be  greatly  reduced.  Figure  1  shows  the 
vi brat  ion- induced  phase  noise  degradation  of  a 
"good"  oscillator.  The  lower  curve  is  a  plot  of 
the  phase  noise  specifications  of  a  typical  high 
quality  oscillator.  This  curve  represents  the 
performance  to  be  expected  when  the  oscillator  is 
operated  in  a  vibration- f ree  environment.  The 
upper  curve  is  a  plot  of  the  calculated  phase 
noise  when  the  same  oscillator  is  subjected  to  uni¬ 
form,  broad-band  vibration.  The  calculation  was 
based  on  an  acceleration  of  1  g  and  a  vibration 
sensitivity  of  2  x  10*9  per  g.  I t  is  readily  seen 
that  when  low  phase  noise  is  required,  improvement 
of  the  vibration  resistance  of  crystal  oscillators 
is  necessary,  e.g.,  from  parts  in  109  per  g  to 
parts  in  10^2  per  g  if  "laboratory"  performance  Is 
to  be  maintained  while  the  oscillator  is  under 
vibration.  (Hereafter,  the  vibration  sensitivity 
will  be  referred  to  by  the  use  of  "y"  when  referr¬ 
ing  to  the  scalar  quantity  and  "f"  when  referring 
to  the  vector  quantify. 1) 
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Induced  frequency  shift.  This  method  has  the  advantage 

Methods  of  Reduc inj^  Vibration  Effects  that  it  can  be  used  with  any  type  of  crystal  cut,  but 

suffers  from  the  nonlinear  behavior  of  the  varactor,  as 
will  be  shown. 


Acceleration  Sensitivity  Minimization 

•  Isolation  Passive 

•  SC-Cut  Methods 

.  Enantiomorphic  Pairs 

•  Accelerometer  Feedback 

Active 

*  Varactor  Methods 

•  Direct-to-Crystal 


TABLE  1 

Various  approaches  to  minimizing  the  effects  of 
vibration  on  quartz  crvstal  oscillators. 

Table  l  summarizes  the  methods  which  are  available 
to  reduce  the  vibration  sensitivity  of  crystal  oscilla¬ 
tors.  First  among  these  is  vibration  isolation.  That 
is,  the  oscillator  is  suspended  by  a  support  structure 
designed  to  minimize  the  transmission  of  the  vehicle’s 
vibrations  to  the  oscillator.  However,  inspection  of 
Figure  2  leads  one  to  conclude  that  isolation  is  one 
of  the  least  attractive  alternatives.  In  an  undamped 
system,  there  is  always  a  region  of  amplification, 
exacerbat ing  the  problem.  If  the  vibrations  that  must 
be  suppressed  are  low  frequency  (common  in  some  vehicle- 
borne  applications) ,  a  very  "soft"  isolation  system  is 
needed,  implying  a  structure  inconsistent  with  the 
trend  toward  ■  omp.i.  tness.  On  the  other  hand,  a  damped 
isolation  system,  while  having  less  amplification,  also 
has  less  isolation. 

Another  approach  is  to  use  a  resonator  which  is, 
f  itself,  less  sensitive  to  vibration.  Much  has  been 
written  about  the  SC-cut  crystals’  resistance  to 
vibration  and  no  further  treatment  will  be 

given  here  except  to  sav  that  sensitivities  of  the 
order  of  parts  in  K)10  per  g  have  been  reported. 

Still  another  technique  is  the  use  of  paired 
re.-.onators ,  ”  the  axes  of  which  are  aligned  anti- 

parallel,  in  order  to  minimize  vibration  sensitivity. 

The  foregoing  methods  are  termed  "passive",  1  •  e . , 
there  is  no  electronic  sensing,  amplification,  or 
feedback  Involved.  Hie  following  methods  are  termed 
".olive",  i.e.,  the  vibratory  motion  is  sensed,  ampli- 
lled,  and  fed  back  to  the  oscillator  (or  crystal)  by 
electronic  «  ir».uitrv. 

Phe  tirst  active  method,  reported  by  Pry  z  jetnsk  i  ^ , 
use  --  an  at  cc lerome  te  r-de rived  signal  which  is  fed  back 
to  the  f requcno -t r im  varactor  in  the  oscillator  circuit, 
phased  s<>  that  the  varactor  drives  the  oscillator  f req¬ 
uern  v  in  the  direction  opposite  to  the  accele rat ioM- 


A  second  active  approach  has  been  investigated  and 
is  reported  here.  It  exploits  the  linear  vo It  age- 
frequency  property  of  SC-cut  crystals 

TTi e  Vo  1 1  aj»e  -  F recoup ncy  Ef f e c t 

What  we  have  termed  the  "voltage-frequency  effect" 
is  also  known  as  the  Polarizing  Effect.  The  bulk  of  the 
investigation  of  this  phenomenon  has  been  conducted  by 
Hruska,  with  important  contributions  by  Kusters.  (The 


(FORCING  FREQ)/ (RCSON ANT  FREQ) 

FIGURE  2:  Gene rail  zed  curve  of  the  transmissibi l i tv 
vs.  frequency  for  a  spring-type  vibration 
isolation  system.  Note  the  presence  of  a 
region  of  amplification. 


reader  is  directed  to  references  8  and  9,  which 
give  more  complete  bibliographies.) 

Simply  stated,  the  voltage- frequency  effect  is 
the  change  in  resonant  frequency  of  piezoelectric 
resonators  due  to  an  impressed  electric  field. 

Hie  frequency  change  is  a  highly  linear  function 
of  the  applied  voltage.  Laboratory  measurements 
show  that  the  linearity  is  at  least  as  good  as  1 
part  per  10^  up  to  +  40  volts.  The  measured 
voltage  sensiti vitylO  for  5  MHz,  fundamental 
mode,  SC-LUt  crystals  is 

AF  1  Q 

—  x  v  7  x  10” V volt , 

in  agreement  with  Hruska  and  Kusters.  AT-cut 
crystals  theoretically  haw  zero  voltage  sensitivity, 
but  values  up  to  5  x  10” 1^/ volt  have  been  observed.il 
However,  tit  is  low  value  renders  the  dlrect-to- 
crystal  vibration  suppression  method  impractical  for 
AT-cut  crystals.  For  SC-cut  crystals,  vibrations 
of  10  g  can  be  highly  suppressed  bv  the  application 
of  about  20  volts. 
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The  two  active  methods  appear  to  offer  equivalent 
suppression.  Howevei,  another  experiment  was  performed 
and  results  show  that  they  do  not. 


Dlrect-to-Crystal  Vibration  Compensation 


STIMULUS 


T'  Voltmc  om  Crystal 


RESPONSE 


FIGURE  U:  Sideband  suppression  obtainable  at  discrete 
frequencies  using  varactor  and  direct-to- 
crystal  schemes. 

Ef feet  of  Varactor  Nonlinearity 


Vl  MAT  I  OS  tONRf  NSATf  0  OSCILLATOR  (*0  fo  (Fo  * 


FIGURE  3'  Development  of  the  di rect-to-crystal 

method  for  suppressing  vibration-induced 
sidebands . 

Reference  to  Figure  3  will  expose  the  rationale 
■  ■•f  the  direct-to-crystal  approach*  The  uppermost  set 
of  drawings  illustrates  the  linear  nature  of  the  SC- 
cut  voltage- frequency  effect.  Next,  if  the  stimulus 
is  changed  from  DC  to  AC,  observation  of  the  oscilla¬ 
tor  output  on  a  spec t tiff  analyzer  will  show  sidebands 
occurlng  above  and  below  the  carrier  frequency  (Ft>)  , 
separated  from  it  by  the  excitation  frequency  (Fv). 

Ihe  next  lower  set  of  drawings  shows  a  spectrum  analy¬ 
zer  display  of  a  crystal  oscillator  vibrated  at  a 
frequency  Fv.  Notice  that  the  two  spectra  are  identi¬ 
cal-  The  bottom  set  of  drawings  shows  the  result  of 
applying  an  electrical  replica  of  the  vibration  freq¬ 
uency  directly  to  the  crystal,  with  amplitude  and 
phase  adjusted  to  cause  suppression  of  the  vibration- 
induced  sidebands. 

To  congiare  the  varactor  and  direct-to-crystal 
approaches,  an  experiment  was  performed  wherein  the 
suppression  voltage  was  derived  from  an  audio 
oscillator  which  was  phase-locked  to  the  driving  freq¬ 
uency  of  the  shake  table  upon  which  commercially  avail¬ 
able  test  oscillators  were  mounted. 

The  phase- locked  oscillator  was  used  to  facilitate 
adjustment  of  the  magnitude  and  phase  of  the  suppression 
voltage.  Figure  U  shows  the  results  of  the  experiment. 
The  Jpper  curve  is  the  sideband  level  of  the  uncompen¬ 
sated  oscillator.  The  lower  curve,  marked  with  "X", 
is  the  result  of  applying  the  suppression  voltage  to  the 
oscillator’s  frequency  trim  varactor.  'The  curve  marked 
with  "0°  is  the  result  of  applying  the  suppression 
directly  to  the  crystal.  (The  adjustment  of  the  ampli¬ 
tude  and  phase  to  achieve  greater  than  30dB  suppression 
was  very  tedious.  It  is  the  authors’  opinion  that  both 
curves  would  be  congruent  had  not  our  patience  run  out.) 
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FIGURE  5'  ’’Artificial"  sidebands  generated  by  applying 
a  200  Hz  voltage  directly  to  the  crystal 
electrodes  (upper  spectrum)  and  to  the 
frequency  trim  varactor  (lower  spectrum). 
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Shown  In  Figure  5  are  plots  of  data  taken  from 
the  spectrum  analyzer  for  the  following  conditions: 

Hie  upper  spectrum  is  the  result  of  applying  a  200  Hz 
voltage  directly  to  the  crystal.  Sidebands  are  present 
at  ♦  200  Hz,  as  expected.  The  lower  spectrum  is  tht 
result  of  applying  the  same  voltage  to  the  varactor. 
Note  the  presence  of  the  second  and  third  harmonics, 
representing  a  total  harmonic  distortion  of  about  8 
percent.  These  harmonics  are  due  to  the  nonlinearity 
of  the  varactor.  The  varactor  built  into  the  oscilla¬ 
tor  circuit  was  intended  only  for  the  adjustment  of 
frequency  by  the  application  of  a  DC  voltage  so  linear¬ 
ity  was  not  important.  Lower  harmonic  content  would  be 
obtained  by  substituting  a  more  linear  varactor,  but 
unless  a  perfectly  linear  voltage/capacitance  charac¬ 
teristic  becomes  available,  some  harmonics  will  still 
be  generated.  Therefore,  if  an  active  suppression 
scheme  is  implemented  by  the  varactor  method,  suppress¬ 
ion  of  one  frequency  gives  rise  to  harmonics.  If 
broadband  (i.e.,  random)  vibrations  are  considered,  the 
overall  effect  will  be  that  the  degree  of  possible 
suppression  is  substantially  reduced.  Clearly,  a 
linear  suppression  scheme  is  preferred. 


operated  in  vibratory  environments. 

The  test  oscillator  was  modified  by  adding  100  pF 
capacitors  in  series  with  each  side  of  the  crystal* 
and  by  connecting  2.5  megohm  resistors  to  each  crystal 
terminal.  The  compensation  signal  was  fed  to  the 
crystal  through  the  resistors.  The  signal  itself  was 
generated  by  an  accelerometer  mounted  to  the  shake 
table . 

For  these  experiments,  the  accelerometer  position 
was  not  adjusted  to  be  paralled  to  the  crystal's 
acceleration  sensitivity  vector,  ?,  (which  is  not,  in 
general,  normal  to  the  crystal  plane),  since  the 
vibration  was  unidirectional.  In  actual  use,  however, 
the  accelerometer  should  be  carefully  positioned  to  be 
parallel  to  t.  The  accelerometer  was  connected  to  a 
single  operational  amplifier  (type  741)  the  output  of 
which  was  fed  to  the  crystal  through  the  isolation 
resistors.  The  voltage  (gain)  was  adjusted  to  obtain 
as  deep  a  null  in  sideband  amplitude  as  possible.  The 
oscillator  was  again  vibrated  at  8  g  from  50  to  500  Hz. 
Figure  7  shows  the  result.  The  upper  curve  represents 


Broadband  Behavior  of  the  Direct-to-Crystal  Scheme 

A  crystal  oscillator  was  mounted  on  a  shake 
table  and  subjected  to  vibrations  with  a  magnitude  of 
8  g.  The  frequency  was  swept  from  50  to  1000  Hz.  The 
acceleration  sensitivity,  y,  was  calculated,  making 
use  of  the  sideband  amplitudes  measured  on  a  spectrum 
analyzer.  Figure  6  is  a  plot  of  y  versus  frequency, 
arrived  at  by  the  formula 
Y  -  2Fy  10  */20, 
aF0 

where  Fv  is  the  vibration  frequency,  a  is  the 
acceleration,  Fc  is  the  center  frequency  of  the 
oscillator,  and  is  the  sideband  amplitude  in  dBc . 
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FIGURE  7:  Direc t-to-crystal  suppression  of  sidebands, 
adjusted  for  maximum  suppression  of  50  Hz. 
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FIGURE  6*  Acceleration  sensitivity  (y)  of  a  crystal 
oscillator  vs.  vibration  frequency. 
Resonant  peaks  are  evident  at  800  and 
950  Hz. 


For  an  ideal  c ryst al /osci 1 lator  combination  the 
curve  of  y  vs.  vibration  frequency  should  be  flat, 
rhe  positive  slope  of  the  curve  is  due  to  the  reson¬ 
ances  oc curing  at  about  800  and  950  Hz.  These 
resonances  are  most  likely  due  to  the  circuit  board  and 
the  crystal  mount.  (Several  oscillators  of  the  same 
design  showed  similar  resonances.)  It  should  be  point¬ 
ed  out  that  great  care  should  be  taken  in  the  mechanical 
design  of  crystals  and  oscillators  to  avoid  any 
resonances,  since  more  and  more  applications  are 
surfacing  which  require  precision  oscillators  to  be 


the  sideband  level  with  the  suppression  circuit  turned 
off.  (This  curve  would  be  logarithmic  with  a  slope  of 
-20  dB  per  decade  if  there  were  no  resorances  in  the 
crystal/oscillator  combination) .  The  lower  curve 
represents  the  suppressed  sideband  level.  At  50  Hz 
(where  the  amplifier  gain  was  adjusted)  a  suppression 
of  45  dB  was  achieved.  The  gradual  loss  of  suppression 
is  due  to  two  factors:  First,  the  resonances  of  the 
oscillator  board  and  crystal  cause  greater  accelerations 
inside  the  oscillator  enclosure  than  were  sensed  by  the 
externally  mounted  accelerometer,  so  the  circuit,  in  its 
present  configuration,  could  not  fully  suppress  those 
peaks.  (The  accelerometer  would  have  to  be  attached  to 
the  crystal.)  Second,  the  amplifier  which  was  used 
does  not  have  a  constant  phase  shift  over  the  frequency 
band  studied.  (More  suitable  amplifiers  did  not  arrive 
in  time  to  be  used  for  this  report.) 

It  should  be  noted  that  for  two  sine  waves  to 
completely  cancel,  their  amplitudes  must  be  exactly 
equal  and  their  relative  phase  must  be  exactly  180 
degrees.  Figure  8  shows  the  results  obtained  when 
the  suppression  circuit  is  "tuned"  at  200  Hz.  Maximum 
suppression  in  this  case  is  only  15  dB  but  is  effective 
over  a  much  broader  bandwidth. 
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Conclusion 


We  have  shown  that  vibration-induced  sidebands 
can  be  suppressed  by  60  dB,  at  a  single  vibration 
frequency,  using  active  methods.  Due  to  harmonics 
produced  by  the  nonlinearity  of  the  varactor,  the 
direct- to-crystal  method  appears  superior  (unless  a 
superlinear  varactor  becomes  available  in  the  future.) 

Further,  the  potential  for  deep  suppression  of 
broad-band  vibrations  has  been  established.  In  order 
to  achieve  full  potential,  the  following  conditions 
must  be  satisfied:  1.  the  crystal  resonator  and 
oscillator  structures  must  not  have  mechanical  reson¬ 
ances,  2.  the  (uniaxial)  accelerometer  must  be 
mounted  so  that  its  sensitive  direction  is  aligned 
parallel  to  t  (Therefore,  any  vibration  direction, 
relative  to  1*,  is  automatically  adjusted  for  amplitude 
by  the  accelerometer.)  and  3.  a  high  quality,  large 
gain-bandwidth  amplifier  must  be  used  so  that  the 
phase  shift  through  the  amplifier  is  constant  over 
the  frequencies  of  interest. 

Static  accelerations,  due  to  gravity  or  a  tight 
turn  by  an  aircraft,  for  example,  can  be  accomodated 
by  the  use  of  accelerometers  that  have  DC  response 
(piezoresist i ve  or  capacitive  types.) 

The  effects  of  constant  low  voltage  DC  impressed 
on  SC-cut  crystals  is  being  investigated  to  determine 
if  any  long-term  frequency  drift  is  caused  by 
"sweeping"  impurities  from  the  crystal. 

It  should  also  be  pointed  out  that  the  various 
active  and  passive  methods  can  be  combined  to  yield 
greater  overall  suppression.  For  example,  a  pair  of 
SC-cut  resonators,  either  or  both  of  which  is  (are) 
vibration  suppressed  by  the  application  of  voltage 
to  the  electrodes,  can  be  built  into  an  oscillator 
which  is  in  turn  mounted  on  a  simple  vibration 
isolation  platform.  Evidently,  there  are  several 
possible  alternatives  from  which  to  choose  for  the 
most  economical  implementation  of  suppression  of  the 
effects  of  vibration. 
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Under1  those  conditions,  the  coupling  between 
t w< •  working  frequencies  has  to  investigated 
wi »  h  pr  e<  i  s  i'*r». 

bXF'bH  IMLNTAL  OLT-UP  DESCRIPTION 

Two  kind';  of  experimental  set-ups  are  pos¬ 
sible. 

1/  Active  set-up  :  2  different  oscillators 
Oj  and  ')-)  are  using  the  same  crystal  X  (see  Fig  IX 
In  thi*.  case,  coupling  due  to  electronics  cannot 
be  avoided.  Then,  it  becomes  difficult  to  separate 
electronics  and  resonator  contributions.  In  addi- 
tier.,  instabilities  can  appear  as  shown  previously. 
As  a  consequence ,  careful  A.G.C.  is  needed. 

2/  Passive  set-up  :  2  different  frequency 
sources  and  5?  are  used  independently  to  drive 
the  crystal  (see  Fig  2).  and  52  are  isolated 
by  adequate  isolation  amplifiers  and  Ij*  and 
i  .  are  power  amplifiers.  A  band- pass  filter  cente¬ 
red  on  allows  measurement  of  output  oj*  signal 
amplitude  and  two  band  elimination  filters  allow 
measurement  of  phase  and  power  related  to  u>”. 
i'assive  set-up  has  generally  been  prefered  yiel¬ 
ding  dr  i  vo-  1  eve-1 r  up  to  20  milliwatts. 

PRINCIPAL  LXPLRIMLNTAL  RLSULTS 

The  evv.  lut  ion  of  the  main  frequency  (i.e. 
which  is  used  in  freqnency  cont r -1  applications) 
lias  be*s;  rec.  vrded  as  an  either  mode  was  suddenly 
driver..  AT  cut  overtone  and  5C  cut  3rc^  ever- 

»«-ne  S  MIL-:  unit:  have  been  used  for  experiments. 
Th*»  set. -nd  considered  modes  were  respectively 
<  Mi!.-  >r^  i  vertorie  and  R.i  MHx  r'th  "Vertone.  Fig  d 
arid  Fig  m  exhiti*.  tlie  m.\ij^  frequency  evolution 
versus  time.  An  immediate  frequency  offset  Af Q 
f  dl^>wed  by  ar.  exponential  variation  is  noticed. 
WL.t,  the  .crc'iid  signal  i-;  suppressed  an*'.*  her  fre- 
; sx* * 1 1  ;  sJfsfT  iiu  ui:.  an!  the  re:-,  matej-  returns  ♦  e 
•  '  r'igirai  fr..quetey, 

A  typical  pat  tern  for  SC  cut  i  .  shown  on 
Fig  '.  The  two  frequency  offsets  are  equally  ^0  Hr.. 
Tfiermal  «»x«-fi  inge  *  ime  cons,  t  art  s  ire  clearly  visi¬ 
ble  t.  Tig  t ,  Fig  u  and  Fig  Attually,  material 
temperature  ini  rease:  as  previously  pointed  out  '. 
It.  M.e  case  .  .f  Fig  S  exper  iments  were  perf^U’med  at 
sr'“r‘  ii  id  » errs. era  t  ure  elevation  wa.«;  approx  imat  el  y 
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llxporiment.il  result.:;  yielding  frequency  of¬ 
fset  versus  second  mode  drive  level  are  represented 
on  fig.  6,  Tig.  7  ,md  rig.  8  which  exhibit  a  linear 
dependence.  For  clarity  this  effect  will  be  called 
indirect  amplitude  frequency  effect  (l.A.F.  effect). 

Since  regular  amplitude  frequency  effect  a 
(A.r.  effect)  is  not  well  known  for  very  high  drive 
level".,  measurements  have  been  performed  (Fig, 
iig.  10  and  fig.  11).  It  turns  uu*  that  l.A.F,  effect 
is  r  ug::ly  S0%  of  A.F.  effect  for  a  given  drive 
level.  In  t!io  care  of  AT  ruts  the  two  effects  ire 
>  f  >ppos  i  t  e  . .  i  gns . 

MO DLL  FOR  COUPLING  DLTWLFN  MODUS 


We  assume  an  elastic  coupling  K  coefficient 


depending  or;  drive 

levels  (K 

<<  l).  Principle 

of 

experiments  is 

.hown  Fig.  1? 

and  governing  equa- 
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flirni  lar  equations  ar‘e  obtained  f<a  th»-  s: 

mode  (second  vibrator  of  model)  solutions  at  »■  lbs. 
tical  to  ui'  and  u)"  of  Lq  (4)  arid  Lq  ( *.  ) .  If  res-. Edi¬ 
tor  is  driven  boll,  by  U)’  and  U)"  vibrational  ampli¬ 
tudes  are  maximal  and  given  by  : 


-  x, (to* )  .-os  ru. t  +0  (to* ) 

max  1  L  1  J 

K  X  (U)n)  r 
+  -  ■  cos  |(i)"t  +  Tfu)’ 

i  i 


cos  u)"t  +  T  (u)" ) 


XJw”  )  fur;  [p”t  t 

K  X  ( co  *  )  r 

- cos  L’ t  +  y^(t» 


u-2^) 


cos  lui't  +  T^(a)' ) 


Since  K  is  very  small  interesting  experiment:, 
correspond  to  the  first  term  of  Lq  (6)  and  Lq  (V). 

It  must  be  pointed  out  that  this  model  is  only  val id 
for  passive  set-ups. 

It  turns  out  t)  at  it  is  impossible  to  exp  lair 
IAF  effect  only  through  AF  effect  on  each  mode.  Also 
capacitive  coupling  cannot  give  correct  account  of 
results.  In  other  words,  in  Lq  (4)  and  Lq  (0)  K 
must  be  assumed  to  depend  on  drive  levels.  This 
dependence  mainly  cause?;  IAF  effect. 

Two  cases  are  to  be  considered. 

a/  Mail,  frequency  f*  is  the  lowest  : 

When  the  second  mode  is  not  driven  (  P ,  5  D) 

1*  t/;  and  the  coupling  coefficient  is  K,1,. 

I  r  om  i  q  ( 4  )  :  . , 


a*;. -cp 

From  experiments  Af 1  i  •  linear  versus  i  ,  as; 
;.ratically  does  not  depend  on  F^  (F^  and  F  7  bee  i  tig 
Jr:  v  levels  for  the  two  modes).  Then  : 

r;  -  K?  =  Pj  fj 

i  rom  experiment  (see  Fig  b  and  Fig  i  )  in  *n* 

.  d  f>f  <;ut  third  overtone  (f,  -  l>  Mlf;*,  t  >  -  J 


~  i.  x  i  :  x  W 


l  M  ii:  frequency  t"  is,  th-  largest 


t  v  -m  1.  ,  i%)  : 


I”  and  K  =  K"  for  F 


-  <p 


From  experiment  (see  Fig  4)  in 
IT  i  at  fifth  overtone  (f^  =■  1  MH/,  t 

i  -  X  ln'1*  X  W*1 
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rwrm:K  fxh:pi mental 

In  ’hi::  'lort  inn,  two  problems  will  be  conri- 
1  leading  to  some  n'sult1-;  : 

/  Kt-v e rso  i  tit  lurn/e  ut  the  main  mode  : 

Pj-.-v  I  •  .'i.  exper  i  "<*n  t  s  won’  dealing  wif,i  i  r»  - 
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Figure  14  :  IAF  effect  of  B  mode  on  C  mode  (main  frequency)  - 
o  Power  of  5  MHz  =  2  uw  -  +  Power  of  5  MHz  *  5  uw 
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W<  h'iv-  b-v*  lop/-d  high  frequency  quartz 

•  unir.v  fork  nys  i  il  r.  using  iiff**rent  overtone* 
fl-xur*1  r. •'i ♦•£*  ov-t  the  frequency  range  from  150KH*/. 

I MHr .  Th"S»-  juartz  tuning  f  >rk  crystals  wore 
y  roduct  1  Vy  us i  ng  phot, o  l  i  th ograph  i  c  ,  chemi  cal 

•  t  'hit.r  an  i  laser  frequ-n-y  adjustment.  manufac¬ 
turing  techniques,  anti  packaged  in  a  relatively 
snail  '••ramie  pa-kage.  With  its  ultromi niature 
5  i  and  ability  to  withstand  high  mechanical 
shock,  there  -rystai  s  have  important  applications 
in  this  fr«  qu»*r!-*y  range. 

paper  ve  shall  first,  describe  the 
mo*  ions  of  avert -•tn-  flexure  modes  of  a  tuning  fork 
ar.i  th**ir  frequencies  related  to  the  fundamental 
flexure  mode.  One  ‘f  the  problems  in  obtaining  a 
high  quality  fa  ■ -r  of  the  quartz  crystal  in  the 
1 -vert one  flexure  nodes  tuning  fork  designs,  is  the 
energy  loss  due  to  the  crystal  mounting  in  ’ho 


i ; p ■ 


■  f  two  ■  rystai  *  i n-s  A-rid 
r.«*r;t  of  a  portion  of  ’  h** 


f  *h«-  *.  unii.g  fork  it.  !■  ngit.udir.ul  arid 


lateral  li r-'1"'  1  .nr  which  -rise  a  grea*  •  •riergy  1  • 
of  the  f  b  y.  xi'r..  mot:  or.  f  •  w-  -rystai  tines.  W-- 
shall  sh  -•  *  he  *>ffV’  ••  ->ii  th*  Tyrtal  ...  factor  ml 
frequency  shift  in  i  iff'-ren*  mountings  an  1  m«.difi- 
■ati  a.  of  ’ur.inc  fork  chap*  .  With  p  :•  p*-r  *ry 
'lining  fork  chap  -  an:  mounting,  w-  bnv*-  achieve  i  ^ 
.  r  ;  «•»  *  ,:.r  t  hat;  . ;  x  . 

Vic  ‘urning  temp- -rat on*  rf  -v'-r*one 

F.  *-xiir*-  modes  in  much  higher  than  fundamental 
f.  exur-  m  :•  .  With  th*-  -hunge  in  crystal  :*ri'-n- 
•a1  ;  r. ,  n*  *an  •:  — -igr.  a  juurt  z  '-rystai  ’uning 
f rk  wh!  *h  has  •*.  ’  urning  point  temp  •••rat  ur«  •;  v*»r  a 


ause  a  grea*  *nerv.y 
w*  --rystai  tines.  W»* 
h*  -tyrtal  ...  factor  u:  ! 
n*  mountings  an  1  m«»difi- 


ryn’al  5  ur*ijnet  *».*s  including  th-*  mot  ional 
1  ,  >i’*.l:*y  fa-*  or  ,  and  th*-  »  ••mpvr- 
ii*  -y  l-iara  -t  *-ri  s*  i  •  f  the  quartz 
:  i-g  f  rk  in  i i  f f<  r"n?.  overt  one  f!"xur*- 
vn  and  -is'ussej.  Th**  r*l*etion  of 
•*  c,h '  ,. 1  \  •  as*- i  in  t  his  fr**- 

•a  •  :  th*-  'rystai  parameter:;  an: 

*  .ring  j.,  wi  l 'ih;ii  be  i i scur.S'-d . 

;  :;trf -duct :  r. 


tie*  tunir.r.  f-  rk  quar* 
■  igii  has  .-v*  v*.  c  *,  . 

■1  e s  1  gn:»  t  h**  !•  v 

v  ,1  im.-  up;  .  i-g  i  ' 


for  the  tuning  fork  quartz  resonator  operating  at 
3?T68  Hz  is  for  the  wrist  watch. 

The  reasons  that  the  tuning  fork  flexure  mode 
design  is  so  unique  are  as  follows: 

a)  small  size. 

b)  high  mechanical  shock. 

c)  better  aging  characteristic. 

d)  low  manufacturing  cost. 

The  use  of  photolithographic,  chemical  etching 
and  laser  frequency  adjustment  techniques1  in  the 
manufacture  of  the  tuning  fork  quartz  resonator 
provide  accuracy,  repeatability  in  dimensions,  and 
in  addition,  further  improvements  in  resonator 
size  and  cost  are  possible. 

With  the  advantage  of  this  tuning  fork  flexure 
mode  design,  one  would  try  to  extend  the  use  of 
*his  design  to  \  wide  frequency  spectral  range. 

Th**  tuning  fork  quartz  crystal  resonator  design 
bar  been  mainly  used  in  its  fundamental  flexure 
nod*-  tc-eaus*  ..f  th-  simplicity  of  this  mode,  and 
also  i  *  has  beer,  investigated  for  many  years 3>l*. 
Wh'-r.  ’i.  fundamental  fb-xure  mode  is  used  in 
••xter.iing  t  ward  the  higher  frequency  by  simply 
reducing  the  length  of  the  tuning  fork,  some  of 
*h*-  -rystai  parameters  become  unacceptable  in 
pra  *i-al  npp 1 i  rar i on 3 ,  and  it  also  becomes  diffi- 
c;; i *  ♦.  m.-inu fact ure.  Figure  1  shows  on  example  of 
Me-  C {  and  the  motional  capacitance  of  a  quartz 
tuning  fork  fundamental  flexure  mode  resonator  as 
a  f»An-\\ori  of  the  frequency.  The  ^  of  the  crystal 
i:.  'r<  -ic.es  as  the  frequency  is  increased,  but  it 
r*  a ,-hes  a  maximum  and  then  decreases .  The  mo- 
*i  'r.al  capacitance  decreases  very  fast  when  the 
frequency  is  high**r  than  lPSKHc.  beyond  this 
frequency  range  the  us*'  of  the  overtone  flexure 
moles  of  the  tuning,  fork  provides  better  crystal 
parameters  and  -il.je  lias  advantages  in  the  manu- 
fo-'t  uring  procor-des. 


Fork  Flexure  Modes 


Flexure  Mot  i  ••. 


>btairi  a  complete  solution  of  the  flexure 
on  f  •«  t.ut*ing  fork  as  shown  in  Hgure  ? ,  is 
an  •  ■  a c,y  p'roblem.  In  practice,  the  result  of 
■uc: lysis  on  the  flexure  motion  of  a  bar  can 
an  irtf  rtant  indication  of  the  motion  of  the 
and  the  frequency  equation  in  the  first 
•ximal  ion.  The  following  flexure  motion 


I 


filiation  is  based  on  this  simplified  analysis4. 

The  relative  displacement  of  the  tine  as  a  function 
of  the  position  of  the  length  dircet. ion  is  approx- 
im.at e ly : 

u(y)  =  F{cos  (m  ^-)  -  cosh  (m  } 

+  sinh(m  -  sin  (m  (1) 


the  position  along  the  tine  length  for  the  funda¬ 
mental  and  overtone  flexure  modes.  The  nodal 
points  shown  in  the  figure  will  be  the  approximate 
locations  in  a  practical  tuning  fork.  The  actual 
locations  will  depend  on  the  detail  geometry  of 
the  tuning  fork.  However,  the  locations  shown  in 
Figure  h  do  provide  the  initial  positions  for  the 
electrode  design. 


win 're 

_  _ sinh  m  sin  m _ 

cosh  m  sin  m  +  sinh  m  cos  m 

and  m  is  a  constant  which  is  determined  by  the 
equat  ion . 

cosh  m  cos  m  +1  =  0 

For  different  flexure  modes  m  has  the  following 
va lues : 


flexure  mode _ rc. 

fundamental  1.0751 
first  overtone  4.691*1 
second  overtone  7.8547 


third  overtone  10.9955 

Figure  3  shows  the  lateral  displacement  of  the 
tine  for  the  fundamental  and  the  overtone  flexure 
modes. 


Figure  5  and  Figure  6  illustrate  examples  of 
the  electrode  designs  of  the  first  and  second 
overtone  flexure  modes  of  a  tuning  fork.  In  these 
designs  we  have  considered  the  optimization  of  the 
motional  capacitance  and  also  suppression  of 
unwanted  fundamental  and  other  modes.  Types  A  and 
B  are  provided  for  different  designs.  The  selec¬ 
tion  of  type  A  or  B  electrode  designs  depend  on 
the  crystal  orientation  and  the  thickness  of  the 
crystal . 

Experimental  Results 
Quartz  Crystal  Wafer 

The  quartz  tuning  fork  crystals  were  produced 
using  photolithographic,  chemical  etching,  manu¬ 
facturing  techniques.  The  tuning  fork  crystals 
were  made  from  a  quartz  wafer  oriented5  in  two 
possible  ranges: 

(a)  (ZY vl)  -25°  to  +  25°/-35°  to  +  35° 


The  frequency  of  the  flexure  modes  including 
rotary  inertia  is  approximately: 


(?) 


where 


w:  tine  width 
2:  tine  length 
0:  mass  density 
E:  Young's  modulus 

l/:  the  derivative  of  tine  displacement 
u  with  respective  to  the  tine  length 


direction. 


When  the  ratio  of  tine  width  w  to  the  tine  length 
?  is  very  small,  the  frequency  ratios  of  the  over¬ 
tone  modes  with  respect  to  the  fundamental  flexure 
mode  are  6.23,  17.20,  33.4  for  first,  second  and 
third  overtone  flexure  mode  respectively. 

Electrode  Design 

The  electrodes  are  placed  on  the  piezoelectric 
r-"S< ►nator  to  obtain  the  maximum  electrical  mechan¬ 
ical  coupling.  2 i nee  there  are  more  than  one 
nodal  points  of  the  overtone  flexure  motion  of  the 
tines,  polarity  changes  of  the  electrodes  along 
the  tines  are  necessary.  The  positions  where  the 
polarity  of  the  electrodes  change  can  be  deter¬ 
mined  by  finding  the  minimum  stress  points  along 
the  tines. 

The  stress  due  to  the  flexure  motion  is 
approximately  proportional  to  the  second  derivative 
of  the  lateral  displacement  of  the  tines  with 
respect  to  the  direction  along  the  length. 

Figure  4  shown  the  relative  stress  as  function  of 


(b)  (XYU)  -25°  to  +  25°/-55°  to  +  55° 

depending  on  the  wafer  thickness  and  the  applica¬ 
tion  of  the  crystal.  In  the  following,  exper¬ 
iments  were  done  with  case  (a)  using  a  type  A 
electrode  design.  Figure  7  shows  an  example  of  a 
finished  wafer  which  has  70  crystals  within  an 
approximately  one  square  inch  wafer.  The  fre¬ 
quency  of  the  crystal  is  approximately  "OOKHz  and 
operates  in  the  second  overtone  flexure  mode. 
Individual  crystal  parameters  can  be  probed  and 
measured  while  it  is  still  attached  to  the  wafer 
and  the  frequency  can  be  adjusted  by  laser  tuning, 
in  situ. 

Mounting  and  Packaging 

When  a  tuning  fork,  quartz  crystal  is  mounted 
in  a  package,  depending  on  the  clamped  position 
from  the  crotch  of  the  tuning  fork,  the  frequency 
and  Q  of  the  crystal  resonator  may  he  different. 

As  part  of  the  experimental  program,  the  influence 
of  the  mounting  location  on  the  resonator  Q  uni 
frequency  was  investigated.  Several  different 
crystals  that,  have  different  tine  widths  and  tine 
lengths  were  used.  In  the  experiment,  the  fre¬ 
quency  of  the  crystal  was  measured  while  the 
•rystal  was  still  attached  to  the  wafer.  The 
crystal  was  then  removed  from  the  wafer  and  me  ::.1' 
in  a  small  ceramic  package.  Conductive  ami  r.on- 
oonduot.ive  t-poxiec  were  used  to  glue  the  ’rystal 
to  the  pedestal  in  the  package  and  also  to  provide 
the  electrical  connection  from  the  crystal  to  the 
package  fleet ri cal  terminals.  After  the  package 
and  crystal  went,  through  the  sealing  processes 
where  the  -rvsfn]  is  placed  in  a  vacuum  environ- 
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merit,  the  motional  resistance  K  and  the  frequency 
of  the  crystal  were  measured. 

Figure  8  shows  an  example  of  the  experimental 
results.  In  the  figure  the  frequency  shift  AF 
is  the  frequency  difference  between  the  measured 
frequency  after  the  package  was  hermetically 
sealed  and  the  measured  frequency  when  the  crystal 
war.  in  the  vaf<*r.  The  experimental  results 
indicate  a  drastic  increase  in  R^  and  an  abrupt 
shift  in  the  frequency  at  certain  discrete  base 
lengths.  in  a  certain  discrete  base  region,  the 
•r.vstal  resonator  H  is  V-w  and  the  crystal  fre¬ 
quency  is  relatively  stable.  A  similar  result  was 
observed  wi*h  steel  tuning  forks6.  These  discrete 
far**  lengths  for  the  first  overtone  flexure  mode 
quar* *ui:irsg  *’ erk  depend  on  the  frequency  of  the 
resor.it- *r  and  are  approximately  inversely  propor- 
*  i  ur.Hl  ♦  c  'ho  frequency. 

The«“  *  xp*  riroent  results  indicat:*  that 
tb*T“  i  c  *i  strong  coupling  between  the  lateral 
met  i  or.c  of  two  tines  and  the  portion  of  the  mount¬ 
ing  ban*»  of  the  tuning  fork  when  the  tuning  fork 
is  vit rating  in  its  first  or  second  overtone 
flexure  mode.  This  mounting  problem  for  the 
fundamental  flexure  mode  of  a  tuning  fork  has  been 
investigated  in  the  past.  Michales"  first  sug¬ 
gested  to  modify  the  tuning  fork  tine  shape  to 
reduce  the  coupling  between  the  motion  of  tines 
and  the  mounting  base  of  the  tuning  fork  which  is 
operated  at  the  fundamental  flexure  mode.  We 
have  tried  similar  modifications  on  the  tuning 
fork  operated  in  first  and  second  overtone  flexure 
modes . 

Figure  9  shows  experimental  results  for 
different  tine  shapes  on  the  Q  of  the  second 
overtone  flexure  mode.  These  results  indicate 
that  an  improvement  of  Q  can  be  obtained  by  shaping 
a  notch  in  the  outside  edges  of  the  tines  of  the 
tuning  fork  similar  to  the  result  obtained  for  the 
fundamental  flexure  mode.  When  the  notches  were 
placed  inside  the  tines  the  Q  of  the  quartz  crystal 
decreases . 

A  similar  experiment  was  performed  in  the 
first  overtone  flexure  mode,  the  results  show  that 
the  modification  of  tines  along  the  inside  of  the 
tines  will  improve  the  Q  of  the  first  overtone 
flexure  mode.  These  results  give  good  agreement 
with  the  recent  calculations  based  on  a  finite 
element  analysis  technique8. 

The  optimum  tuning  fork  shape  modification 
also  depends  on  the  tuning  fork  crotch  dimension 
arid  the  mounting  base  geometry. 

Crystal  Parameters 

Crystals  using:  l)  a  first  overtone  flexure 
mode  design  in  the  frequency  range  from  150KHz  to 
600KHz,  and  2)  a  second  overtone  flexure  mode 
design  in  the  frequency  from  600KHz  to  1MHz  range; 
were  made  and  packaged  in  the  small  ceramic  pack¬ 
ages  as  shown  in  Figure  10.  To  demonstrate  the 
crystal  parameters,  a  crystal  design  with  tine 
width  equal  to  l6  mils  was  chosen.  The  crystal 


thickness  was  5  mils.  By  changing  the  tine 
length  different  crystal  frequencies  were  obtained. 

Figure  11  shows  the  frequency  ratio  of  the 
first  overtone  flexure  mode  to  the  fundamental 
flexure  mode.  The  frequency  ratio  obtained  by  the 
experiment  is  much  smaller  and  changes  more  rapidly 
as  function  of  the  tine  width  to  tine  length  ratio 
in  comparison  with  calculated  values  based  on 
equation  ?.  The  coupling  effects  between  two 
t.  ines  shear  and  torsion  modes  and  the  geometry 
deviation  of  the  tuning  fork  compared  to  the  ideal 
case  due  to  the  anisotropic  quartz  etching  may  all 
contribute  to  this  difference.  Similar  results 
but  with  greater  deviation  from  the  calculated 
value  for  the  second  overtone  mode  was  obtained 
and  shown  in  Figure  12. 

The  electrode  designs  of  these  crystals  are 
the  type  A  designs  as  shown  in  Figure  5  and 
Figure  6.  The  crystals  were  mounted  at  the  proper 
positions  as  discussed  above.  The  packages  were 
hermetically  sealed  with  approximately  1  torr  of 
gas  in  the  package. 

The  motional  capacitance  and  the  Q  of  the 
crystals  as  a  function  of  the  frequency  of  the 
crystal  were  measured  and  are  shown  in  Figure  13. 
The  width  dimension  and  the  gap  between  electrodes 
have  been  kept  the  same  for  different  crystal 
frequency  designs.  The  motional  capacitance  in 
principle  should  be  approximately  inversely 
proportional  to  the  square  root  of  the  frequency, 
since  the  motional  capacitance  is  approximately 
proportional  to  the  tine  length.  The  deviation 
from  theory  in  the  higher  frequency  range  is  due 
to  the  fact  that  the  electrode  length  has  been 
shortened  more  than  the  tine  length  because  of 
manufacturing  considerations.  The  variation  of  Q 
for  different  crystal  frequencies  is  due  to  the 
fact  that  the  design  and  process  has  not  been 
optimized  for  individual  frequencies.  At  certain 
frequency  the  Q  of  the  crystal  resonator  is  more 
than  2.5  x  10s. 

The  motional  capacitance  of  the  second  over¬ 
tone  flexure  mode  designs  is  higher  than  the  first 
overtone  flexure  mode.  This  is  due  to  the  reason 
that  the  tine  length  of  the  second  overtone  flex¬ 
ure  mode  is  longer  than  the  first  overtone  flexure 
mode.  The  motional  capacitance  of  the  first 
overtone  flexure  mode  is  1.5  fF  at  170KHz  and 
drops  to  O.UU  fF  at  600  KHz.  For  the  second 
overtone  flexure  mode  the  motional  capacitance  is 
0.8  fF  at  600KHz  and  drops  to  0.25  fF  near  1MHz. 

Frequency  Temperature  Characteristic 

The  relation  between  the  crystal  frequency 
and  the  environmental  temperature  for  the  overtone 
flexure  modes  is  generally  very  similar  to  the 
fundamental  flexure  mode,  i.e.,  a  parabolic  rel¬ 
ation.  However,  there  are  two  basic  differences 
between  F-T  characteristic  for  the  overtone  flex¬ 
ure  modes  and  the  fundamental  flexure  mode  of  the 
quartz  tuning  fork.  The  first  difference  is  that 
for  a  given  dimension  of  the  tuning  fork,  the 
turning  point  temperature  of  the  second  overtone 
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flexure  mode  is  higher  than  the  first  overtone 
flexure  mode,  and  the  turning  poiit.  temperature  of 
the  first  overtone  mode  is  much  higher  than  the 
fundamental  flexure  mode.  An  example  is  given  it. 
Table  1.  In  this  example  th«*  difference  is 
approximately  ikO  V.  The  K  constant  for  the  over¬ 
tone  flexure  mode  is  slightly  1  *ss  than  the  funda¬ 
mental  flexure  mode  and  is  in  ttu»  vicinity  of  0.0  1 
ppm/'  ■’* . 

The  second  difference  is  the  effect  of  the 
tine  width  to  the  tine  length  ratio  on  ♦  h*-  turning 
point  temperature.  The  turning  point  temperature 
of  the  overtone  flexure  modes  increases  as  the 
ratio  of  the  tine  width  to  the  tine  length  is 
increased,  which  is  exactly  in  the  opposite*  direc¬ 
tion  for  the  fundamental  flexure  mode  of  th** 
quartz  tuning  fork.  The  theoretical  analysis 
which  was  done  by  Nakazava  et.ai9,  qualitatively  is 
similar  to  the  experimental  result  obtained  in  the 
overtone  flexure  modes.  The  difference  in  the  F-T 
characteristic  between  fundamental  and  overtone 
flexure  modes  may  be  due  to  the  effect  of  tic- 
coupling  between  the  flexure  modes  and  the  torsi¬ 
onal  modes . 

Figure  1 1»  shows  experimental  results  for  the 
turning  point  of  the  fundamental  and  first  over¬ 
tone  flexure  mode  tuning  fork  quartz  crystals  as 
function  of  frequency  lor  tine  width  to  tine 
length  ratio/.  The  tine  width,  the  thickness,  and 
the  crystal  nrientatic.  . f  these  crystals  are 
identical.  Figure  15  gives  the  comparison  of  th*' 

•  urnir.g  point  temp- rat ur<-  of  the  first  and  cc-eorid 
.-•vert. one  flexure  mode  f  quartz  tuning  fork.  TVv* 
•rystul  orientation  of  the  crystal  shown  in  Figure 
it  is  different  from  the  ones  shown  in  ••'igure  lk. 

With  the  high  turning  point  temperature  of 
the  ■  vertore  flexure  modes  of  the  quartz  tuning 
fork,  one  (.an  design  a  quartz  crystal  tuning  fork 
wi  ♦  h  a  •ombinat ion  of  different  orientations, 
vhinh  will  provide  a  turning  point,  temperature 
over  a  very  wide  range. 

Selection,  of  Flexure  Modes 

With  the  combination  of  the  fundamental  and 
the  overtone  flexure  mode  designs,  wo  can  produce 
a  quartz  tuning  fork  crystal  resonator  packaged  in 
a  small  ceramic  package  to  cover  the  frequency 
spectrum  from  lOKHz  to  1MHz.  There  are  certain 
ranges  where  the  fundamental  and  the  first  over¬ 
tone  flexure  modes,  or  the  first  overtone  and  the 
second  overtone  flexure  modes  can  be  chosen.  The 
determining  factor  for  which  mode  should  be  used 
has  to  be  established  by  the  crystal  parameters 
required  for  the  individual  applications. 

Figure  l6  shows  an  example  of  the  proposed 
frequency  ranges  where  the  fundamental,  first 
overtone  and  second  overtone  flexure  modes  ci'  the 
quartz  tuning  fork  are  useful.  Below  125kHz  the 
fundamental  flexure  mode  design  has  a  preference 
because  of  the  advantage  of  small  overall  dimen¬ 
sions  and  ease  of  manufacture.  In  some  appli¬ 
cations,  the  small  motional  capacitance  and  lower 
turning  point  temperature  may  not  be  desirable. 


TU**  first,  overtone  flexur"  mode  design  may  t**  us**! 
t r,  improve  these  two  parameters;.  Beyond  1  25 KHz 
the  Q  of  the  fun  dam*  nt.a]  flexor**  mole  of  Uv* 
tuning  fork  decreases  as  the  frequency  of  th*- 
rystal  in  increased.  Also,  the  dimension  of  th* 
tine  length  becomes  too  small  to  manufacture  easily. 
The  only  advantage  of  us  i  rig  'he  fundamental  flexur** 
mod«  design  is  to  achieve  very  high  mechanical 
shock  tolerance. 

Tile  first  overtone  flexure  mode  design  may  ln- 
use  i  in  the  range  from  1 00 KHz  ♦  <*.  When  th- 

frequency  is  higher  than  this  rang*-,  *h**  mr  t  ior»al 
■  *apa  i  t'utee  is  too  small  and  also  ther**  is  lir'fi- 
*ul?y  in  man u fact  uri rig. 

Th**  se-'or.d  overtone  flexure  mode  may  be  used 
in  th**  range  from  k50KHz  to  800 KHz .  It  is  possi¬ 
ble  to  extend  to  1MHz,  but  the  small  motional 
•apaci tance  may  limit  its  application.  The  third 
overtone  flexur*-  mode  may  have  to  be  consider***: 
beyond  this  frequency. 

Conclusion 


In  this  paper  it  has  been  shown  that  with 
the  combination  of  the  fundamental  and  the  over¬ 
tone  flexure  modes  of  quartz  tuning  forks,  we  can 
produce  a  quartz  tuning  fork  in  t.he  frequency 
range  from  lOKHz  to  1MHz.  The  quartz  tuning  fork 
crystal  can  be  produced  by  using  photolithographic 
chemical  etching  and  las  ?r  frequency  adjustment 
manufacturing  techniques  and  packaged  in  a 
relatively  small  n -ramie  package.  Wi  t.h  it's 
ultromimntur**  si?.**  and  high  meohani  •al  shock 
‘•haract.eristic,  t.h**  tuning  fork  piarts  -rystn! 
will  have  important,  new  anpli  -at ions  it.  this 
frequency  rang**. 

Acknowledgment 

The  author  would  "•  ike  to  thank  T**rry  Muoi**l 
for  her  assistance  in  mask  modification  work  an  i 
Sandy  lieynes  in  assistance  in  t.he  quart.?,  crystal 
parameters  measurements. 

deference : 

1.  J.H.  Staudte,  proceedings  of  the  27  th  Symp.  on 
Frequency  Control,  19T3,  PP-  50-bV. 

I.  Koga,  .1 .  Inst,  of  Elec.  Engrs .  ,  (Japan), 
V0I.U8,  1928,  pp.  100-101. 

3.  W.P.  Mason,  Physical  Acoustics ,  D.  Van  Nostrand 
Co.  New  York,  1958,  p.  5k. 

k.  J.W.S.  Hay lei gh ,  The  Theory  of  Sound,  Vol . 1 , 

New  York:  Dover,  Second  Edition,  19k5,  pp.  255-305- 

5.  IEEE  Standard  on  Piezoelectricity,  IEEF,  Std. 
176-1978. 

6.  J.A.  Kusters,  C.A.  Adams  and  H.F.  Karrer  and 
H . W .  Ward,  Proc ,  30th  Ann .  Frequency  Control 
Symp , ,  1976,  pp.  175-183. 


133 


7.  S.E.  MichaJ.es,  U.S.  Patent  No.  221*7960, 

July  1,  191*1. 

8.  Yoshiro  Tomikava,  Kimio  Sato,  Masashi  Konno , 
IEEE  Trans.  Sonics ,  Ultrason ,  Vol.SO-27,  No. 5. 
September,  1980 ,  pp .  253-257- 

9.  M.  Nakazawa,  Y.  Nakamura,  S.  Miyashita, 

I PEP  Trans.  Sonc i s ,  Ultrason. ,  Vo l.SO-26,  No. 5. 
September,  1979,  pp.  369-378. 


3 

c 

o 


3.0 

2.0 

1.5 

1.0 

0.8 

0.6 

o.l* 


0.2 


0.1 


20 


15  X  10 


10  x  10 


5  x  10 


Frequency  (KHz) 


Figure  1.  The  Q  and  the  motional  capacitance  of  the 
quartz  tuning  fork  fundamental  flexure  mode  resonator 
as  function  of  the  frequency. 
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Figure  0.  The  frequency  shift  and  the  of  the  overtone 
flexure  mode  of  the  quartz  tuning  fork  as  function  of  the 
base  length. 
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-f  modi  fi  cat  ions  on  the  tine  shapes 
seronrt  overtone  flexure  mode  of  the  quartz 
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Figure  10.  Example  of  a  tuning  fork  quartz  crystal 
packaged  in  u  small  ceramic  package. 


Figure  11.  The  frequency  ratio  of  the  first 
overtone  flexure  mode  to  the  fundamental  flexun 
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Figure  16.  An  example  of  proposed  frequency  ranges  where  the 
first  overtone  and  second  overtone  modes  of  the  quartz  tuning 
resonator  may  be  adopted. 


fundamental , 
fork  crystal 


{The  shaded  areas  are  the  ranges  where  individual  mode  may  be  extended  with 
certain  limitations.) 


MODE 

FREQUENCY 

(KHz) 

TURNING  POINT 
TEMPERATURE  (*C) 

FUNDAMENTAL 

41.1 

20 

FIRST 

OVERTONE 

246 

74 

SECOND 

OVERTONE 

650 

160 

TUNING  FORK  DIMENSIONS  AND  ORIENTATION 
TINE  WIDTH  -  16  MILS 

TINE  LENGTH  -  104  MILS 

THICKNESS  -  5  MILS 

CROTCH  WIDTH  -  3  MILS 

ORIENTATION  -  (ZYW)2® 


Table  1.  'Hie  eomj  ar iuon  of  the  turning  point 
temperature  of  the  quartz  tuning  fork  operating 
in  different  flexure  mode:;. 


1  MHz 
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A  MINIATURE  QUARTZ  RESONATOR  VIBRATING  AT  1  MHz 


R.J.  Dinger 


ASULAB  SA  -  Neuch5tel  -  Switzerland 


Abstract 

A  1  MHz  miniature  quartz  resonator  is  presented. 
The  resonator  consists  of  the  resonant  bar, 
vibrating  in  the  length  extension  mode  and  an 
integral  suspension  system .  The  unit  may  be 
manufactured  using  photolithographic  techniques 
and  chemical  milling  and  assembled  in  standard 
watch  tuning  fork  packages. 

1 .  Introduction 

The  growing  use  of  microelectronics  for  control  of 
machinery,  tools,  appliances  and  toys  creates  an 
increasing  market  for  frequency  control  devices. 
Microprocessor  based  systems  in  particular  need  a 
clock-signal  to  synchronize  the  treatment  of  the 
information.  While  the  requirements  of  systems  ope¬ 
rating  with  4  bits  can  generally  be  met  by  ceramic 
resonators,  8  and  more  bit  processors  need  the  fre¬ 
quency  stability  of  a  quartz  resonator  or  other 
element  with  equal  performance. 

Since  the  manufacturing  costs  of  integrated  cir¬ 
cuits  increases  with  higher  speed  of  the  processor, 
the  designers  of  electronic  systems  are  using  sys¬ 
tems  operating  at  a  frequency  that  is  sufficiently 
high  to  perform  the  functions  of  the  system  in  the 
required  time,  but  no  higher.  This  has  led  to  a 
substantial  market  for  1  MHz  quartz  crystal  reso- 
nators . 

Even  though  it  is  possible  to  manufacture  AT-cut 
1  MHz  crystals,  these  units  become  bulky,  expensi¬ 
ve  and  their  electrical  and  mechanical  parameters, 
especially  the  quality  factor  Q,  are  considerably 
inferior  to  the  parameters  of  AT-cut  units  in  the 
rj  to  10  MHz  range.  This  indicates  that  a  1  MHz  AT- 
cut  crystal  is  beyond  the  reasonable  design  limits 
of  thickness  shear  resonators.  On  the  other  hand 
it  is  possible  to  use  overtone  modes  of  wrist- 
watch  or  similar  tuning-fork  designs  to  obtain 
rugged  and  cheap  crystals  that  are  well  suited  for 
the  applications  mentioned  above  up  to  frequencies 
of  several  hundred  kHz  |AJ  .  The  frequency  re;ion 
between  several  hundred  kHz  and  a  few  MHz  is  the 
domain  of  the  torsion-bar,  face-shear  and  length- 
extension  resonators.  Torsion  bar  resonators  suffer 


from  a  low  piezoelectric  coupling  and  face  shear 
devices  require  expensive  mounting  techniques  that 
are  often  shock-sensitive,  due  to  the  necessity  of 
clamping  the  resonators  in  the  nodal  axis  which 
goes  through  the  center  of  the  plate. 

This  paper  presents  a  length-extension  resonator, 
operating  at  1  MHz,  having  an  integral  tuning  fork 
like  suspension  system  which  allows  a  cheap  and 
rugged  mounting  similar  to  that  of  a  wrist-watch 
tuning  fork. 

Although  the  resonant  element  itself  is  a  simple 
length-extension  bar,  the  structure  of  the  entire 
resonator  is  too  complicated  for  mechanical  manu¬ 
facturing  techniques.  The  device  has  therefore 
been  designed  to  be  manufactured  using  photolitho¬ 
graphic  techniques  and  chemical  milling  L2J . 

2.  Concept 

The  active  part  of  the  resonator  consists  of  a 
"z  +  2°"  cut  length  extension  bar.  It  is  well 
known  that  this  device  has  a  nodal  axis  parallel  to 
the  x-axis  of  the  crystal  going  through  the  center 
of  the  bar.  The  classical  suspension  of  these  re¬ 
sonators  consists  of  two  wires  in  the  nodal  axis, 
attached  to  the  resonators  surface  as  shown  in 
fig.  1. 


z 


Fig.  1:  classical  length  extension  resonator 

The  frequency  is  given  by  one  dimension  only,  the 
resonator  length  L  [}}  , 
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2n  +  l  1  i_ 
2  /S  ? 2  *  P  L 


2.72-  MHz  -  mm, 

2  L 


(1) 


n  giving  the  order  of  the  mode  (fundamental:  n =  0) 
and  S 2 2  and  p  being  the  compliance  modulus  and  the 
density.  Even  harmonics  also  exist  but  due  to  the 
clamping  of  the  bar  in  the  suspension  they  have 
a  low  quality  factor.  Eq.  1  shows  that  the  length- 
extension  mode  is  well  suited  for  resonators  in 
the  frequency  range  from  about  500  kHz  (giving  an 
overall  length  of  5  nin)  to  several  MHz  ±f  the  first 
overtone  is  used  as  well.  F*or  a  1  MHz  resonator 
the  length  becomes  2.72  mm. 


To  overcome  the  mounting  problems  of  the  structure 
in  fig.  1,  the  resonant  bar  was  completed  with  a 
tuning  fork  type  suspension  system  as  shown  in 
fig.  2.  Similar  suspension  systems  have  been  used 
by  J.  Michel  [4]  already  in  1975. 


Fig.  2:  structure  of  the  1  MHz  length-extension 
resonator 

1  resonant  bar,  2  "tuning  fork"-like 
suspension  system,  3  mounting  area, 

4  connection  part 

This  kind  of  a  suspension  system  cannot  be  conside¬ 
red  as  a  clamping  in  the  nodal  axis  according  to 
fig.  1  because  the  dimensions  of  the  suspension 
of  the  resonator  are  equal  or  even  larger  than  the 
width  xQ  and  thickness  zQ  of  the  resonant  bar  it¬ 
self.  For  this  reason  the  resonator  has  to  be 
thought  of  as  an  assembly  of  two  resonant  bars 
clamped  at  one  end.  To  compensate  the  momentum  of 
each  they  are  vibrating  with  equal  amplitude  and 
opposite  phase.  This  situation  is  similar  to  a 
quartz  tuning  fork  which,  due  to  its  heavy  and 
massive  base  part  behaves  like  two  clamped  canti¬ 
levers. 

The  length  extension  mode  is  coupled  to  a  face- 
shear  mode  in  the  y-z  plane  (except  for  a  -18.5° 

-;ui  angle)  which  excites  a  torsional  movement  of 
the  resonant  bar  around  the  nodal  axis  and  a  tor¬ 
sional  stress  in  the  suspension  system.  In  addi¬ 
tion  the  suspension  system  is  stressed  in  flexure 
like  a  tuning  fork  due  to  Poisson  coupling.  Al¬ 
though  the  amplitudes  of  these  stresses  are  small 
these  vibrations  have  to  be  considered  and  care 


has  to  be  taken  not  to  couple  the  main  resonance 
with  a  fundamental  or  overtone  resonance  in  the 
suspension  system. 

Three  different  electrode  systems  can  drive  the 
crystal.  Fig.  3  shows  the  cross  section  through  the 
resonant  bar  in  all  three  systems.  Fig.  3a)  shows 
an  electrode  arrangement  that  uses  electrodes  on 


Fig.  3:  Cross  section  of  the  resonant  bar  with 
electrode  systems 

only  the  two  main  surfaces  of  the  resonator.  This 
is  an  elegant  solution  from  a  manufacturing  point 
of  view  but  the  piezoelectric  coupling  is  limited 
to  a  value  for  of  about  0.L5  fF  per  mm  of  elec¬ 
trode  length.  The  coupling  becomes  considerably 
larger  if  the  metallization  pattern  according  to 
fig.  3b)  is  used.  Since  a  side  metallization  can¬ 
not  be  performed  before  the  resonator  is  cut  from 
the  wafer,  a  second  metallization  step  is  needed. 
The  piezoelectric  coupling  may  be  calculated  for 
this  arrangement. 


(2) 


where  is  the  motional  capacitance,  CQ  and  er 
the  dielectric  constants  of  the  vacuum  and  quartz 
and  zQ,  l  and  Xq  the  thickness,  the  electrode 
length  and  the  width  of  the  resonator  respective¬ 
ly. 


The  largest  coupling  can  be  obtained  by  the  elec¬ 
trode  arrangement  shown  in  fig.  3c) .  It  should  be 
noted  however  that  this  configuration  needs  a  se¬ 
cond  cut  angle  <P.  The  piezoelectric  coupling  be¬ 
comes 


ci 


125  E° 


Er 


sin  V  , 


(3) 


Electrode  arrangements  b)  and  c)  are  compared  in 
fig.  4.  The  figure  has  been  plotted  keeping  in 
mind  that  the  resonator  has  to  be  produced  using 
watch  tuning  fork  production  methods  for  the  manu¬ 
facturing  of  the  resonator  itself  and  for  its 
assembly.  This  restricts  the  width,  thickness  and 
the  second  cut  angle  to  the  domain  shown  in  the 
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Fig.  4:  Piezoelectric  coupling  of  the  electrode 

arrangements  according  to  fig.  3b)  and  3c). 
zQ:  Thickness  of  the  resonator  according 
to  fig.  3b)  . 

V  :  Second  cut  angle  of  the  resonator 
according  to  fig.  3c) .  Resonator 
thickness  =0.1  mm. 

figure.  Fig.  4  leads  to  the  following  conclusions: 

1.  Within  the  dimensional  limits  discussed  the 
two  electrode  systems  give  about  equal  piezoelec¬ 
tric  coupling  of  maximum  0.7  to  0.9  fF  per  mm  of 
electrode  lenath.  This  means  that  for  a  1  MHz  crys¬ 
tal  the  motional  capacitance  will  become  1.5  to 
2.0  fF,  a  value  that  remains  considerably  below  the 
Cj  value  of  AT-cut  crystals  of  the  same  frequency. 

2.  If  the  motional  capacitance  is  to  be  increa¬ 
sed  further  either  extreme  aspect  ratios  (which 
may  lead  to  asymmetry  problems)  or  a  high  second 
cut  angle  will  have  to  be  used.  In  the  latter  case 
the  dimensional  limits  also  cannot  be  kept.  Either 
of  these  two  solutions  will  have  severe  technolo¬ 
gical  drawbacks. 

In  the  course  of  the  work  described  in  this  paper, 
the  electrode  arrangements  a)  and  b)  were  used  to 
avoid  the  complications  due  to  the  second  cut 
angle . 


3 .  Unwanted  modes 

Two  families  of  unwanted  vibrations  have  to  be 
considered  for  the  design  of  this  resonator:  fle¬ 
xural  vibrations  of  the  main  resonant  bar  and  re¬ 
sonances  in  the  suspension  system.  Coincidence  of 
any  of  these  unwanted  resonances  with  the  main 
resonance  mu55t  be  avoided. 


or  an  overtone  flexural  vibration  in  the  x-y  plane 
or  the  y-z  plane,  in  addition,  the  free-free  mode 
and  the  clamped- free  mode  of  one  half  of  the  bar 
have  to  be  considered.  For  the  free-free  mode  the 
resonant  frequencies  are 

r  an2 

2n  TcT- ?  ' 


TiTi 


1  *o 

7p  *  TT?'!7 


where  an  is  a  constant  depending  on  the  mode  and 
the  other  symbols  as  in  eq.  1.  The  formula  holds 
for  x-y  flexure,  for  y-z  flexure  x0  has  to  be  re¬ 
placed  by  zG.  For  the  clamped-free  resonances  eq.4 
holds  as  well,  but  it  has  to  be  considered  that  the 
length  L  is  only  half  the  length  of  the  bar.  The 
values  for  ctp  are: 


clamped-free 

free-free 

ao 

1.88 

4.73 

al 

4.70 

7.86 

a2 

7.86 

10.99 

“n 

2n+l 

2n+  3 

2  71 

2  V 

Combining  eq.  1  and  4  the  forbidden  dimensional 
ratios  become: 


L 


2/7 

n  — j- 
“n 


and 


2a  * 

L 


e/T 


(5) 


The  first  equation  giving  the  condition  for  free- 
free  vibration  and  the  second  for  a  clamped-free 
vibration  and  L  being  in  either  case  the  total 
length  of  the  bar. 


The  same  dimensional  ratios  lead  to  y-z  flexural 
coupling  if  the  thickness  to  length  z0/L  takes  the 
above  valut  s. 


Considering  electrode  arrangements  according  to 
fig.  3a)  and  b)  a  thickness  and  width  between  50  ym 
and  200  ym  are  of  special  Interest.  For  a  1  MHz 
resonator  of  total  length  2.75  ram  the  forbidden 
dimensions  are  shown  in  fig.  5. 
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Fig.  5:  Forbidden  dimensions  for  i  1  MHz  resonator 

Fig.  5  shows  that  there  are  three  regions  to  be 
used  for  the  width  and  the  thickness:  the  first 
around  85  ym,  the  second  around  125  ym  and  the 
third  around  185  ym. 

3.2.  Vibrations  of  the  suspension  system 


!.i.  Flexural  vibrations 


The  resonances  in  the  suspension  system  which  may 
coincide  with  the  main  resonance  are  the  x-y  and 
y-z  flexural  vibrations.  These  are  more  difficult 


The  resonant  bar  may  oscillate  in  the  fundamental 
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0>mp,ir«'(j  to  the  aval  I  able  1  MHz  crystals  these  da  - 
la  very  pr*>mi  si  rnj  even  though  they  have  been 

tn* •  a : ; u i « •  d  di  prototype  wrurfi  and  there  may  be  fiamt- 
chunqes  before  the  Jesiqn  qoes  into  pr*  mImci  i  or; . 

Tt.*-  I'-sonant  f  r jueticy  of  1  ’()/<)  kHz  con f  i  r bum  the 
hyp-ot  h- -s  i  s  that  tlir  re-.onator  can  b»*  visualized  as 
coinpr,..,  (i  ot  two  c  1  amj  >e  d  ~  t  r *'**’*  resonant  Pars  vibra- 

*  iii-i  in  antsphas.-.  The  »*  t  feet..  i  v*-  l**nqth  ot  the 
■■]uuip**d  Par  is  1.  i 1 ,  mn  which  qives  ,  acccrdinq  t 

*  ‘  5  -  l,  u  t  r*-quency  ‘j\  l'qzf  kHz.  Th<  -  mass  loadin') 
in.  t  o  t  Ji* -  ♦  *  1  t  rodes  reduces  t.h"  f  r***|u<*isi:y  by 

r  uqhly  1  »  wi.nl,  qivs  a  r**S‘«nari»  frequency  of 
1  * 1 1 1 »  kHz.  It  tii»'  resonator  wouli  vibrat.*-  as  a 
t  n-  1  t“c  i  ar  t  hi  t  fqij'-ncy  wt.>ul:l  b<*  jHO  kHz.  Th* 

*  X)  *-r  i  in»‘r,t  a  1  n  suit  obviously  c^/i.  firms  th*'  mod*-l 
r  t  t.-  tw  lampi'd- i  r*  *1  r":ionant  bars. 

•I..',  f-  r'-pjoiif-y  distribution 

Sin,-.'  tJit-  f  r*»qu*'ncy  is  influenced  only  by  the  crys¬ 
tal  J.nqth,  which  is  the  largest,  dimension  of  th«- 
pciniMtoi  ,  a  narrow  frequency  distribution  may  be 
"xpe.o.d.  This  has  been  verified  experimentally 
and  the  t  r  **q  j**!iey  i  i  st.  r  i  but  ion  is  well  within  *:  .  T*. 

f  tie •  c**nt*  r  value.  This  means  tfiat  lor  certain 
•*)  pi  i  cat  ions  these  resonators  could  be  used  without, 
any  further  tuninq. 

■1.  i.  Frequency  ope ct rum 

Kv.-n  *h<aiqh  tie-  litterat.uie  mentions  a  stropu  cou- 
i  linq  betw*-  r.  lenqt h-ext**ns i on  and  flexure  L  J  and 
ther*  ar*-  many  flexure  modes  in  the  vicinity  of  the 
b  ri  it.h-«xt*  nsion  resonance  (cf.  tiq.  h)  the  fre- 
i'u*  t.  y  spectrum  l  s  very  pure.  As  shown  in  fiq.  7, 
n-  other  peaks  than  the  main  resonance  at  1'mji,  kHz. 
can  be  seen  between  JOu  kHz  and  1.8  MHz  and  no  peak 


Fiq.  Frequency  .Sped  rum  of  th*  1  enqt  h -*'Xt ens  i  or 

resonator,  vert  .  scale;  s  dB/div,  heriz. 

•  aj**.-  .'no  kHz/div,  marker.-  ]  b.qd)  kHz. 


at  all  a)  p-'irs  b*'tv;e**n  o  ami  kHz  (Ptn.*ti>  not 

shown )  . 


4.4.  Temperature  behaviour 

A  typical  frequency  vs  temperature  curve  is  shown 
in  fig.  8. 


Fig.  8:  Temperature  behaviour 

The  curve  shows  the  expected  parabolic  behaviour. 
The  turning  point  is  at  36°C ,  a  value  slightly  hi¬ 
gher  than  the  25°C  observed  with  flexural  mode  re¬ 
sonators  (tuning  forks)  made  from  the  same  material 
and  cut  angle.  The  latter  was  the  usual  Mz  +  2°" 
cut  used  for  watch  tuning  forks.  The  agreement  bet¬ 
ween  the  experimental  valqe  and  the  theorr?tical 
predictions  using  Adams  |_7J  constants  is  satisfac¬ 
tory  and  the  turning  point  may  be  adjusted  by  chan¬ 
ging  the  cut  angle.  For  the  applications  this  reso¬ 
nator  has  been  designed  for  it  is  an  advantage  to 
use  a  turning  point  above  room  temperature.  The 
operating  temperature  range  is  often  specified  from 
-20°C  to  +80°C  or  from  -20°C  to  +100°C  giving  an 
optimum  value  for  the  turning  point  of  JO°C  to 
40  °C. 

5.  Conclusions 

This  paper  presents  a  miniature  length-extension 
crystal  that  can  be  produced  using  photol ithogra 
phic  techniques  and  chemical  milling.  The  present 
resonator  has  been  designed  for  frequencies  around 
1  MHz,  but  the  concept  is  useful  for  resonators 
fro®  several  hundred  kHz  to  several  MHz. 

The  mechanical  and  electrical  parameters  of  this 
crystal  are  comparable  or  better  than  the  AT  or 
face-shear  (DT)  crystals  presently  on  the  market 
for  low-cost  applications.  Due  to  its  small  size 
(the  resonator  has  been  packaged  in  watch  tuning 
fork  cans  of  2  ran  diameter  and  6  mm  length  and  in 
ceramic  packages  of  1 . 5  x  2 . 4  x  6. 7  ram)  this  reso¬ 
nator  is  a  miniature  component  on  a  printed  cir¬ 
cuit  board  and  can  be  assembled  with  an  integrated 
circuit  in  a  standard  dual  In-line  plastic  package 
to  form  a  miniature  time  base  module. 
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Summary 

Investigation  has  been  made  on  the  spurious 
modes  of  convex  L')T-rut'  quartz  crystal  resonators 
and  a  method  to  avoid  these  spurious  modes 
has  been  established. 

The  convex  PT-cut  quartz  crystal  resonator 

*  s  a  thin  bar  having  the  same  or  ient.a  t  ion  as 
the  usual  square  PT-cut  resonators.  I  t.s  length 
is  parallel  to  the  X-di rent  ion  and  one  of 
-ts  major  surface  is  slightly  curved  as  a 
cin  .ilar  shape.  The  main  mode  <>f  the  resonator 
is  the  width-shear  mode. 

Pfta; led  displacement  distributions  of 
tr.e  spurious  mode  have  been  investigated  by 
means  d  laser  holographic  interferometer . 
I*  he.  ane  <  tear  that  the  spurious  modes  were 
t  he  inharmonic  .nickness-f lexure  modes  of 
ever,  order  ;  l'>ng  the  length  direction. 

The  relu’ii-n  between  the  resonance  frequency 
a: id  •’he  jjmerus:  jns  of  the  resonators  has  been 
cal "uiated.  Satisfactory  agreements  have  been 
ohtair.ed  between  the  calculated  result::  and 

*  he  'v-as^rcments,  anc^  the  proper  dimensions 
v  aV'ud  t  tie*  spurious  response  troubles  have 
been  d * '  *■  erm  1  r.ed  . 

INTRODUCTION 

Cor,v"A  PT-cut  quartz  crystal  resonators 
nave  been  in  practical  use  in  the  frequency 
range  from  S00  kHz  to  1  MHz,  i.e.,  the  boundary 
:  egi'.ri  between  the  thickness-shear  mode  resonators 

*  md  i.e  •  •  n  our  .  lode  resonat  •  .  T..e  resona  .or 

.  s  a  *hin  bar  having  the  same  orientation 
.is  the  usual  square  PT-'  ut  resonators.  (t.s 
.»*ngth  i  s  parallel  r.o  the  X-direct.ion  f  the 
electric  axis  1  and  one  of  its  major  surface 
,  slightly  curved  is  a  circular  shape  (FIG.  1). 
n,e  r.air.  motif.  <,f  this  resonator  is  the  width- 
•J.ear  ri.jde  and  i.u  excited  by  the  electrodes 
evap*  rated  or:  the  surface  of  the  plate.  The 
main  nod**  .  s  ton  fined  to  the  center  region 

f  fh«-  j-late  by  the  '  »jnvex  stru«  ture,  therefore 
’he  ria.e  ian  be  supported  tightly  at.  its  ends, 
recently,  jt  has  been  found  out  that,  a  very 
:>trorig  spurious  response  appears  occasionally 
near  *  h**  .rain  resonance.  Consequently,  in  order  to 
al. ,  *  *d.  a  rnethod  t  o  avoi'i  these  spurious 
■  r..i ' .  b*  r  or,*-  nerossary  t->  invent  igate 

•  ■/ ;  hi  a*  ;  ■  >n  r.*  ides  of  t  he  spurious  modes. 


EXAMPLE  OF  SPURIOUS  RESPONSE 

TABLE  1  shows  the  plate  dimensions  of  three 
samples  having  the  spurious  response  near 
the  main  resonance.  The  admittance  characteristics 
of  sample  1  is  shown  in  FIG.  2.  There  are 
two  strong  responses  close  to  each  ocher  in 
this  admittance  characteristics.  FIG.  3  shows 
the  temperature  characteristics  of  two  admittance- 
maximum  frequencies.  The  spurious  mode  has 
negative  frequency-temperature  coefficient  and  has 
strong  coupling  wi uh  the  main  mode. 

OBSERVATION  OF  VIBRATION  MODE 

Tne  laser  holographic  interferometer  has  been 
applied  to  the  investigation  of  the  spurious  mode . 1 
By  mear.j  of  the  laser  holographic  interferometer, 
the  observation  of  the  displacement  component 
perpendicular  to  the  surface  of  a  plate  can 
be  made  independently  of  the  displacement 
components  parallel  to  the  plate.  It  has  been 
known  by  experiments  that  the  reduction  of 
the  plate  thickness  increases  the  frequency  of  the 
spurious  mode.  This  suggests  that  the  spurious 
modes  have  a  displacement  component  perpendicular 
to  the  plate.  It  has  already  been  confirmed  that 
the  main  mode  has  only  the  displacement  component 
parallel  to  the  plate.  Accordingly,  the 

displacement  component  perpendicular  to  the 

,jlate  is  that  of  the  spurious  mode,  even  though 
the  resonator  vibrates  in  the  main  mode  at 
the  same  time. 

FIG.  4  shows  the  principle  of  holographic 
observation  method  of  displacement  component 

perpendicular  to  the  plate.  The  vibration 

displacement  is  observed  by  the  following  manner. 
First,  a  laser  beam  is  projected  onto  a  mirror  and 
the  resonator  under  study.  The  reflected  beam 
from  the  mirror  acts  as  a  reference  beam  ana 
a  part  of  the  reflected  beam  from  the  resonator 
becomes  a  signal  beam.  The  two  beams  reach 
a  photographic  plate  and  the  interference  fringes 
are  recorded  on  the  plate.  The  developed 
photographic  plate  is  called  hologram.  Next, 
the  resonator  is  removed  and  the  hologram 
is  placed  in  the  initial  position.  The  reference 
beam  is  diffracted  by  the  hologram  and  the 
original  signal  is  reproduced.  As  a  result, 
the  three  dimensional  reconstructed  image 
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of  the  resonator  can  be  observed  at  the  initial 
position  through  the  hologram.  This  reconstructed 
image  is  photographed  by  a  camera.  In  the  case  of 
vibrating  object,  a  pattern  of  dark  lines  showing 
the  vibration  displacement  appears  in  the 
reconstructed  image. 

Flli.  b  shows  the  reconstructed  images  of  the 
spurious  modes  of  three  samples  depicted  in 
TABLE  1.  The  centers  of  brightest  portions  in  the 
images  indicate  lot  at  ions  «>1  nodes  where  >  he 
amplitude  of  the  displacement,  component  is  zero 
and  the  dark  lines  represent  a  group  of  equal- 
displacement  curves.  In  all  reconstructed 
images,  there  are  two  nodal  Lines  parallel  to  the 
length  direction.  Hence,  the  displacement 
distribution  along  the  width  direr  tnm  is 
similar  to  that  of  the  fundamental  U»i<kn''ss- 
flexure  vibration  of  a  rectangular  plate. 
In  addition,  there  are  even  number  ■  ■  f  loops 
along  the  length  direction  in  all  images, 
there  are  t.wo,  four,  and  six  loops  respe<  lively. 
From  these  results,  1  ».  ran  be  said  that  these 
spurious  modes  are  the  inharmonic  thickness- 
flexure  modes  having  even  order  along  'tie 
length  direction. 

The  reason,  why  only  even-order  inharmonic 
thickness-flexure  modes  appear,  can  be  explained 
in  the  following  manner.  When  the  thr»*p 
displacement  components  of  spurious  mode  ire 
denoted  as  Uj  ,  Up  ,  and  Uj  with  refer eme  to 
x,  y,  and  z  axis  as  shown  in  Fid.  6,  Uj  ,  Up  , 
and  U3  can  be  expressed  as  follows,? 


Uj  *  y  *x  (x,z) 

U2  *  n  (x,z)  (1) 

U3  -  y  lx.z) 


Then,  shearing  stress 
expressed  by  n  ,  T  x 
reiat ions . 
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where  ,  epg  are  the  piezoelectric  coeffn  ients 
defined  by  IRE  Standard.  Accordingly,  *  he 
total  charge  Q  on  the  electrode  an  be  ■  aW  ula’ed 
by  the  rol lowing  equation. 
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In  t  he  above  equat  ion,  i»  ■  an  b*“  is*,  ,r**d  M.a* 

tx  1 s  propot.  lorial  to  dn  /  h x  .  Then,  the  '  *h! 

■  harge  ■.  be.  . »mes  ;* *r<  wfiej.  n  .  .  ••  I '  1  >r 

along.  X  arid  -vr;  turn  t.oi.  •  ng  /  a:.,  »-x  •  t, 

w;i»mi  r  :  v.  ...id  along  x  and  e  ,*en  ..l  ong  /. 

I  r .  a  :et  to  d.^-uss  M«e  r'-ii'.iwn  :  r  •*  1  i»-:>  » 
•>I  spurious  mode,  ♦  ;.e  disp  i  a-  t  1 ;  o  ..  r  .  u  1  • 
das  been  ie  .ermi.ted  I  ro:.  .he  1.-/1  _  at  terns. 

The  displacement  amplitude  U  ,  at  the  location 

of  the  n-*h  dark  line  <  our,  ted  from  the  brigh*es* 
portion  in  the  reconstructed  image,  can  be 

-al'Milated  from  the  following  equation.  1 
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(  4n-I  )  a 
8  |  cos  0i  +  cos  0r  | 


O) 


where  A  wav»  length  of  the  laser 

0i  the  angle  of  the  incidence 

fir  the  angle  of  thp  reflection  iFld.  4). 

In  the  experiment  ,  A »  [  Aj  1  He-Ne  laser1,  and 

*  *tr«  1 [deg.],  t  hen  Kq  .  (  b  )  becomes 


u  -  404  (  4n-l  )  [  A  I  (6) 


Using  this  equation,  the  displacement 

distributions  have  been  obtained  for  sample  1  arid 
as  shown  in  Kill.  7.  FK*.  Ma1  shows  the 
distribution  of  U  2  along  the  width  direction 
d»t  amed  from  Kin.  hi  a..  This  distribution 

l : ,  very  (  lose  to  that  of  the  fundamental 

t h 1 < kness- t 1 exure  vibration  of  a  rectangular 
p. ate.  The  same  distributions  have  been  obtained 
I  tom  hi';,  ‘.lb;  and  let.  KJU.  7  ( b  >  and  td  show 
the  distributions  of  II 2  along  the  length  direction 
■Mainrd  from  FJU.  '*1  a  '  and  I  hi  respectively. 
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OF  CONVEX  DT-CUT  CRYSTAL 
RESONATOR 


FIG.  2  EXAMPLE  OF  ADMITTANCE 

CHARACTERISTICS  SHOWING 


THE  SPURIOUS  RESPONSE 


ARACTERISTICS 
NCE  MAXIMUM 
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FIG,  5  RECONSTRUCTED  IMAGES  OF 
SPURIOUS  MODES  OF 
THREE  SAMPLES 
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FIG.  6  COORDINATES  OF  DT-CUT  RESONATOR 
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DISTRIBUTION  ALONG  LENGTH  DIRECTION 
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FIG.  9  RELATION  BETWEEN  EQUIVALENT 
SERIES  INDUCTANCE  PER  UNIT 
THICKNESS  AND  RESONANCE 
FREQUENCY  (  MAIN  MODE  ) 


FIG, 8  PLATE  DIMENSIONS  WHERE 
RESONANCE  FREQUENCY  OF 
SPURIOUS  MODE  COINCIDE 
WITH  THAT  OF  MAIN  MODE 


TABLE  1  PLATE  DIMENSIONS  OF  THREE  SAMPLES 


SAMPLE 

WIDTH 

THICKNESS 

LENGTH 

CURVATURE 

N  0. 

W  [  mm  ] 

t  [mm| 

1  [  mm  1 

R  [  mm  ] 
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Summary 

A  new  concept,  of  a  small  resonator  has  been 
studied  with  the  finite  element  method.  The 
n-son.it  or  vibrates  in  an  edge  mode,  which  is  a 
combined  motion  oi  symmetric  shear  and  dilatation, 
confined  to  an  edge.  For  quartz,  temperature 
compensated  cuts  are  found  theoretically.  The 
mounting  is  it  the  side  opposite  to  the  active 
edge  . 

It  is  shown  theoretically  with  the  finite 
element  method,  that  the  quality  factor  of  the 
resonnLcr ,  which  is  sensitive  to  asymmetry,  can 
tu  improved  by  balancing. 

Experiments  confirm  the  temperature  compen¬ 
sated  cuts,  found  theoretically.  The  electrodes 
also  excite  other  modes  which  are  damped  by  the 
mounting,  whereas  the  response  of  the  edge  mode 
is  relatively  unaffected  by  the  mounting.  By 
adding  a  small  mass  the  quality  factor  of  the 
resonators  is  improved.  After  balancing  a 
quality  factor  of  30000  has  been  measured  for 
these  resonators. 


Introduce  ion 

Following  the  latest  developments  in  the 
miniaturisation  of  quartz  resonators  for  watches 
and  clocks,  we  have  been  working  on  a  new  type  of 
resonator,  which  appears  to  be  similar  to  the 
tuning  fork  resonator  in  many  respects.  These 
are,  the  temperature  coefficient  of  frequency, 
the  balancing  and  the  mounting  on  one  side. 
Especially,  the  second  order  behaviour  of  the 
temperature  coefficient  is  comparable  to  the  3°X 
. ut  tuning  fork.  The  differences  with  the  tuning 
fork  resonator  are:  its  frequency  of  application, 
which  is  well  above  100  kHz  up  into  the  MHz  range, 
and  the  motion,  which  is  shear  and  extension 
instead  of  flexure  arid  torsion. 

The  mode  appearing  in  the  new  design  was  first 
noticed  by  K.  Shaw*  in  a  circular  disk  of  BaTiO}, 
poled  in  the  thickness  direction.  Because  it  is 
confined  to  the  edge  of  the  disk  it  has  been  called 
edge  mode.  It  was  subsequently  reported  by  Onoe^ 
on  a  disk  of  ADP  and  by  Ike  garni-*  on  a  disk  of 
Pb’IiOj.  In  1960,  the  edge  mode  was  explained 
theoretically  by  Gazis  and  Mindlin^  from  a  branch 
with  (omplex  wavenumber  of  the  dispersion  equation 


of  a  plate.  The  branch  starts  at  the  cut  off 
frequency  of  the  thickness  extensional  mode  and 
extends  to  lower  frequencies  with  a  complex  wave- 
number.  According  the  Mind  1 in  and  Gazis,  the 
edge  mode  cannot  exist  on  its  own,  but  is  always 
associated  with  an  extensional  (longitudinal)  mode. 
The  complex  wavenumber,  however,  suggests  that  the 
edge  mode  can  be  trapped,  with  the  distribution  of 
the  vibration  amplitude  away  from  the  edge  in  the 
form  of  a  damped  oscillation.  Because  of  this 
oscillating  longitudinal  motion,  the  total  momentum 
can  be  conserved,  making  confinement  a  possibility. 

With  its  particularly  large  attenuation 
coefficient  (3x  better  than  the  maximum  obtainable 
for  facetted  crystals) ,  the  edge  mode  branch  is 
interesting  for  the  design  of  small  resonators. 

For  this  reason,  a  study  on  this  mode  with  the 
finite  element  program  ASKA^  was  started.  The 
calculation  time  of  the  program  was  reduced  by 
assuming  that  the  edge  mode  motion  is  restricted 
to  a  plane,  leaving  the  motion  in  the  third 
direction  free  (this  is  equivalent  to  having  a 
small  dimension  in  that  direction).  A  rectangular 
resonator  was  divided  into  A  elements  along  the 
thickness  and  16  elements  along  the  length,  with 
each  element  being  a  two  dimensional  one  with  9 
nodal  points  (giving  a  total  of  394  degrees  of 
freedom).  Two  elements  with  low  density  and  weak 
elasticity  were  used  to  support  the  structure. 

From  ASKA  two  resonances  resulted  with  an  edge 
mode  appearance  and  a  frequency  different  of  only 
3  10~6  for  a  length  to  thickness  ratio  of  3.7. 

From  this  we  concluded  that  the  two  resonances 
are  only  weakly  coupled  due  to  the  attenuation. 

The  two  resonances  arise  because  the  two  edge  modes 
on  the  opposing  edges  of  the  rectangular  resonator 
can  be  either  in  phase  or  in  anti-phase.  This 
suggests  that  the  edge  mode  can  exist  in  a  pure 
form  by  making  one  edge  different  from  the  other. 
Tlie  result  of  using  ASKA  to  study  this  can  be  seen 
in  figure  i.  The  first  picture  is  the  crystal  at 
rest  showing  the  elemental  distribution,  with  the 
bevel  at  the  right  side  in  order  to  break  the 
symmetry.  The  second  picture  shows  the  motion  at 
one  of  the  edge  mode  resonances  (of  the  left  edge). 
The  calculations  confirm  the  idea,  that  the  edge 
mode  can  exist  in  a  pure  and  trapped  state. 

The  edge  mode  can  be  further  understood  by 
analysing  its  motion.  Assume  the  thickness 
direction  along  the  edge  and  the  length  direction 


at  right  angles  Lu  it.  Tht*  thickness  dc  t  ermi  ties 
the  t  requeue y  i»t  the  edge  mode  resonator  and  its 
motion  is  attenuated  along  the  length. 

lwo  main  components  ol  motion  can  he  seen 
1 1 i gure  1  ) : 

1)  a  shear  motion,  which  changes  sign,  when 
going  Iron  the  upper  to  the  lower  hall  of 
the  resonator.  In  this  way,  the  bending 
moment  in  the  upper  halt  is  exactly  opposed 
hv  the  bending  moment  of  tin*  lower  half. 

For  this  reason,  the  motion  of  tin*  shear  is 
similar  to  the  motion  of  the  second  harmonic 
« » t  the  thickness  shear  mode. 

2)  a  dilatational  motion,  which  is  similar  to 
the  motion  of  the  fundamental  of  the  thickness 
dilatational  mode. 

The  edge  mode  is  attenuated  away  from  the  edge, 
because  its  frequency  is  below  tht*  cut  off 
frequency  of  its  two  main  components  of  motion. 

At  the  frequency  of  the  edge  mode  the  two  above 
components  of  motion  are  in  phase  at  the  edge  and 
thus  built  up  a  resonance. 

We  have  also  studied  the  temperature  depend¬ 
ence  vf  frequency  of  the  edge  mode  in  quartz, 
because  lor  this  material  the  possibilities  for 
a  rotated  cut  with  temperature  compensation  are 
present . 

First  Order  Temperature  Coefficient 

Ihe  existence  of  a  temperature  compensated 
cut  in  quartz  can  be  suspected  by  considering  the 
two  motions  from  the  introduction.  The  shear 
motion  stiffness  in  the  xy '  plane,  c^*  has  a 
positive  temperature  coefficient  for  a  rotation 
about  the  x  axis  and  the  dilatational  motion  with 
a  stiffness  C22  ^ias  a  negative  temperature  coeffic¬ 
ient  for  the  same  rotation.  Because  the  edge 
mode  is  composed  of  these  2  motions  its  temperature 
coefficient  (1st  order)  of  frequency  can  be  expect¬ 
ed  to  cross  the  zero  line  for  a  rotation  about  the 
x  axis.  For  this  reason,  such  rotations  of  quartz 
were  studied,  using  ASKA,  in  order  to  find  a  temp¬ 
erature  compensated  cut  for  the  edge  mode 
resonator . 

We  used  the  division  into  elements  of  figure  1. 
Because  the  stiffness  must  be  involved,  the  xy' 
plane  is  the  plane  of  motion  for  the  ASKA  calcula¬ 
tions.  In  order  to  avoid  spurious  modes,  the  z* 
direction  thickness  is  assumed  to  be  small 
compared  with  the  other  dimensions  of  the  resonator. 
The  z'  dependent  motions  are  then  below  their  cut 
off  frequencies  and  strongly  attenuated.  The 
small  z'  dimension  can  be  simulated  by  introducing 
into  the  ASKA  program  slightly  reduced  stiffness 
•.onstants  for  the  xy'  plane,  according  to  the 
following  equation: 

C,  •  f,j  -  c,«‘3j/rH  '  "  ri5'V‘»  ‘•J-’-2-'' 


The  stiffness  constants  and  their  temperature 
dependence  up  to  the  order  as  given  by  Beehmat/1 

have  been  used  in  the  ASKA  calculations.  A 
further  rotation  about  the  /axis  is  considered 
be  impractical,  because  it  introduces  non  zero 
stiffness  constants  i-w)tc,^.  Because  of  this, 
the  motion  in  the  xy'  plane  becomes  asyrranetrie.il 
and  confinement,  to  only  one  edge  becomes  impossible, 
lwo  possibilities  with  full  symmetry  01  motion  in 
the  xy*  plane  remain:  a)  with  the  x  axis  along  tin- 
edge,  b)  with  the  x  axis  perpendicular  to  the  edge. 
In  case  a)  and  in  case  b)  the  temperature  compen¬ 
sated  cuts  arc  found  with  the  ASKA  program. 

Figure  2  gives  the  tirst  order  temperature  coeffic¬ 
ient  of  frequency  against  the  angle  of  rotation 
about  the  x  axis  lor  case  b).  Zero's  are  apparent 
at  angles  of  rotation  of  about  -11°  and  2r>°.  For 
case  a)  similar  results  are  obtained  with  zero's  at 
about  -37°  and  26°,  as  can  be  seen  in  figure  4. 

Fur  case  b) ,  the  order  coefficient,  as  obtained 
from  the  frequencies  at  3  different  temperatures  is 
-AO  and  -64  10~9/(°C)^  for  angles  of  rotation  of 
-11°  and  25°  respectively. 

We  define  t  lie  frequency  constant  of  the  edge 
mode  as  the  frequency  times  the  thickness  (being 
the  dimension  along  the  edge).  For  case  a)  this 
is  the  dimension  in  the  x  direction,  for  case  b) 
it  is  the  dimension  in  the  y’  direction. 

Figures  3  and  b  give  the  frequency  constant 
against  the  angle  of  rotation  about  the  x  axis  for 
cases  b)  and  a)  respectively. 

Theoretical  Quality  Factor 

As  mentioned  in  the  introduction,  the  motion 
of  the  edge  mode  oscillates  as  a  function  of  the 
distance  to  the  edge,  with  the  amplitude  decaying. 
The  oscillation  is  necessary  in  order  to  conserve 
the  total  momentum  of  the  longitudinal  motion  (this 
is  the  motion  perpendicular  to  the  edge).  Figure 
6  gives  the  two  components  of  motion  of  the  edge 
mode  from  ASKA  as  a  function  of  the  distance  from 
the  edge  for  a  rotation  about  the  x  axis  of 
respectively  25°  and  -10°,  with  the  y'  axis 
parallel  to  the  edge.  The  xy'  shear  is  represent¬ 
ed  in  figure  6  by  the  maximum  strain  (at  d/4 
from  the  centre)  and  the  dilatation  in  y'  direction 
by  the  strain  S2  at  the  centre.  The  difference  in 
Sfc  for  the  two  angles  of  cut  is  apparent.  The 
decay  factor  for  the  25°  cut  resonator  is  the 
largest  one.  We  have  found,  that  the  decay  of 
the  amplitude  of  both  motions  can  be  described 
accurately  by  an  exponential  function. 

The  loss  due  to  the  mounting  of  the  resonator 
is  a  critical  factor  in  the  design  of  small 
crystals.  For  this  reason  we  estimated  the 
quality  factor  Q  due  to  the  mounting  loss  for  the 
edge  mode.  Assuming,  that  the  loss  per  period  in 
the  mounting  is  cu£  and  the  energy  of  the  resonator 
is  cUq ,  the  quality  factor  is  given  by: 

Q  *  2ti(u0/uc)2.  u c  is  the  amplitude  at  the 

mounting  distance  and  u0  i s  the  average  amplitude 
over  the  active  region.  c  is  an  arbitrary 
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constant  with  the  dimension  of  elasticity,  if  the 
energy  is  taken  per  unit  of  length  in  the  z 
dirertion.  The  ratio  uo/u0  ean  be  derived  from 
l  lie  ASKA  results.  The  following  table  gives  the 
re  su Its: 


Table  1 


Theoret  i  length  to  thicknf  ratio  (t.*d)  for  a  Q"10 
dug  to  mount ing  lo»i 


Cut 


I.gngt  h/Thic 
for  Q-105 


kneat 


Attenuation 
at  distinct 
d  (dS) 


- 1 0° ,  y '  /  /  edga  .  1 

♦?S  ,  y*  /  edge  J.2 

♦25°.  a//  edga  4.9 


-1  ) .  8 
-22.6 


-14.7 


In  the  table,  the  mounting  distance  in 
length/ thickness  is  given  for  Q  »  10^.  As  can  be 
seen  from  the  table,  the  relative  mounting 
distance  ?/d  is  between  3.2  and  5  for  the  angles 
of  interest.  This  is  small  compared  to  0/d  =15 
for  the  AT  type  resonator  with  the  shape  of  a  bar, 
proposed  by  Onoe7  and  the  design  with  the  same 
shape,  proposed  by  Zumsteg  . 


Design 

The  design  with  the  y'  axis  parallel  to  the 
edge  has  been  developed  further  because  at  the 
temperature  compensated  angles  of  cut,  the 
coupling  factor  to  the  xy1  shear  is  about  at  a 
maximum9.  A  typical  edge  mode  resonator  is 
shown  in  figure  7.  The  electric  field,  which 
drives  the  resonator,  gives  the  maximum  coupling 
when  it  corresponds  to  the  field  coupled  to 
the  resonance.  This  field  pattern  can  be 
inferred  from  the  motion  at  resonance,  neglect¬ 
ing  the  piezoelectric  effect.  We  may  therefore 
use  the  ASKA  result  of  figure  6  to  design  the 
electrodes  on  the  edge  mode  resonator.  It  can 
be  seen  from  the  figure,  that  the  absolute  value 
of  strain  Sh  is  a  maximum  at  distances  *  d/4  from 
the  centre  along  the  y'  axis.  This  motion  is 
excited  by  an  electric  field  in  the  +  y  direction 
for  y  -  d/4  and  in  the  -y  direction  for  y  =  -d/4. 
As  can  be  seen  in  figure  7,  the  3  electrode  pairs 
perform  this  function  approximately.  Because 
the  shear  decays  considerably  over  a  distance 
equal  to  the  thickness,  the  electrodes  do  not  need 
to  extend  beyond  that  distance  from  the  edge. 

The  electric  contact  is  made  at  the  other  end  in 
x  direction,  where  the  crystal  is  mounted  rigidly. 
As  we  will  discuss  later  on,  the  rigid  mounting  is 
necessary  for  the  suppression  of  spurious 
resonances . 


Balancing  Considerations 


f 

f 


As  was 
requency  of 
requenry  of 


mentioned  in  the  introduction,  the 
the  edge  mode  is  below  the  cut  off 
its  two  components  of  motion,  one  of 


which  is  the  xy*  shear,  which  is  symmetric  along 
the  thickness.  For  the  anti-symmetric  xy'  shear 
however,  the  cut  off  frequency  is  below  the 
frequency  of  the  edge  mode  (being  the  fundamental 
frequency  for  thickness  shear).  As  a  consequence 
of  this,  any  asymmetry  in  the  shear  motion  of  an 
edge  mode  resonator  will  result  in  the  propagation 
of  this  anti-symmetric  motion  and  add  to  the  loss 
at  the  mounting.  Any  imperfection,  which  disturbs 
the  symmetry  can  cause  this.  Suppose  for  instance, 
that  the  edge  is  oblique  to  the  faces,  as  shown  in 
figure  9.  The  (twisting)  moment  created  by  the 
xy'  shear  in  the  triangle  AOC  of  figure  9  cannot  be 
compensated  for  by  an  opposing  moment  and  anti¬ 
symmetric  shear  and  flexure  components  will  arise. 

A  first  estimate  shows  that  the  corners  at  the 
edge  must  be  rectangular  to  within  1*  for  a  quality 
factor  of  10*. 


Because  this  tolerance  is  considered  too  small, 
the  possibility  of  balancing  by  adding  a  thin  layer 
near  one  of  the  corners,  was  studied.  Adding  mass 
to  the  corner  A’  in  figure  9  will  compensate  for 
the  redundant  mass  contained  in  the  triangle  AOC 
and  restore  to  a  first  order  the  balance  of  moments 
at  the  edge.  This  could  be  a  solution  to  improve 
the  Q  of  imperfect  resonators.  The  balancing  has 
been  simulated  by  ASKA  by  displacing  3  nodal  points 
at  the  corner  A*  by  amounts  d/800  and  d/400  respect¬ 
ively  for  a  15°  cut  resonator,  with  the  edge 
oblique  at  17'  to  the  x  axis.  The  resulting 
displacement  is  given  in  the  two  lower  pictures  of 
figure  8.  The  first  and  the  second  pictures  of 
figure  8  are  respectively  the  crystal  at  rest  and 
the  displacement  at  the  edge  mode  resonance  without 
the  balancing.  The  last  picture  in  figure  8 
indicates,  that  balancing  can  reduce  the  spurious 
modes  caused  by  asymmetric  imperfections  of  the 
crystal . 


Experimental  Work 

We  have  experimented  with  edge  mode  resonators 
designed  as  in  figure  7  with  electrodes  of  gold  on 
chromium,  defined  by  photolithography  and  dimensions 
of  respectively  3.2  x  0.8  x  15.2  and  2.0  x  0.5  x 
9.5  ram.  The  first  number  is  the  dimension 
parallel  to  the  edge  in  the  y*  direction,  the 
second  in  z',  and  the  third  in  x.  The  first 
number  determines  the  frequency  of  the  edge  mode 
and  the  frequencies  for  the  above  resonators  are 
respectively  712.6  and  1180  kHz  for  a  -12°  cut 
angle.  The  crystals  have  been  made  at  various 
angles  of  cut  for  a  rotation  about  the  x  axis  of 
quartz . 

Figure  2  gives  the  experimental  results  for 
the  first  order  temperature  of  frequency.  The 
results  follow  the  theoretical  curve,  although  on 
average  they  appear  to  be  somewhat  lower  in  value. 
The  temperature  compensation  point  is  rather  -8° 
than  the  theoretical  value  -11°. 

The  experimental  results  of  the  frequency 
constant  against  the  rotation  angle  are  close  to 
the  prediction  as  can  be  seen  in  figure  3.  The 
table  below  shows  that  the  second  order  temperature 
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coefficient  ot  frequency  also  agrees  with  tin* 
experiment  . 


Table  2 

1~h«  jccortd  ord«r  teaperacurt  co«ftiriant  of  frequency 

Angle  of  out  Theory  Esperiaen, 

(y'H  edge)  (10_9/(°Cr)  UO*9/(°C)2> 

2S°  -64  -S6 

-M*  -40  -W 


As  we  can  see  from  the  table,  the  2nt*  order 
coefficient  of  the  -12°  cut  resonator  is  comparable 
to  a  value  of  -)r>  lu“<V(°C)^  for  the  5°X  cut  tuning 
fork  resonator. 

Other  modes  are  excited  as  well  by  the 
electrodes  of  figure  7  as  can  be  seen  in  figure  11 
for  a  lightly  damped  resonator.  The  group  of 
closely  spaced  responses  at  l.b  MHz  corresponds  to 
a  group  of  4  resonances  from  ASKA.  The  displace¬ 
ment  of  these  resonances  is  shown  in  figure  10  and 
the  responses  can  be  classified  as  thickness 
extensional  modes.  Figure  12  for  a  resonator 
glued  solidly  to  a  base,  shows  that  all  responses, 
except  the  edge  mode  are  heavily  damped.  This  is 
a  definite  proof  that  the  edge  mode  exists  in  this 
type  of  crystal. 


temperature  dependence  of  frequency  for  a 
rotation  in  quartz  about  the  x  axis  and  temperature 
compensated  cuts  do  exist.  Also  the  idea  of 
improving  the  quality  factor  by  balancing  has  been 
conf i rmed . 

The  edge  mode  resonator  and  the  tuning  fork 
resonator  have  several  aspects  in  common.  These 
are:  the  second  order  temperature  coefficient, 

of  frequency,  the  balancing  and  the  mounting  (on 
one  side).  They  differ  in  the  frequency  range  of 
application.  Considering  the  size,  the  edge  mode 
may  find  an  application  in  the  range  of  100  kHz  to 
10  MHz.  In  this  range,  the  edge  mode  resonator 
is  small  compared  with  other  designs  and  can  be 
produced  by  the  same  large  scale  production  methods 
as  the  tuning  fork  crystal . 

The  small  motional  capacitance  of  the  crystal, 
however,  requires  a  specially  designed  oscillator. 
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Fig  2  First  order  temperature  coefficient  as  a  function 
of  rotation  angle  0  (width  m  direction  Y') 
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Fig  5  Frequency  constant  as  a  function  of  rotation 
angle  0  (width  in  direction  X  )-  Theoretical 


6  Strain  amplitude  distributions 
for  the  edge  mode 


Fig  8  Finite  element  calculations  of 
balancing  considerations 


Fig  7  A  typical  edge  mode  resonator 


Fig  11  Mode  spectrum  of  a  lightly  damped  resonator 
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Summa ry 

This  paper  describes  a  4.19  MHz  AT-cut  crystal 
resonator  for  wristwatches.  Generally,  il  an  AT- 
cut  crystal  resonator  is  made  small  enouqh  to  meet 
the  mountinn  conditions  of  a  wristwatch,  the  cou¬ 
pling  of  unwanted  vibrations  with  the  thickness 
shear  vibrations  and  the  affects  of  the  mounting 
system  cannot  be  ignored.  We  succeeded  in  produc¬ 
ing  at  AT-cut  crystal  resonator  for  wristwatches 
featuring  superior  f requency- temperature  charac¬ 
teristics,  low  equivalent  series  resistance,  and 
outside  dimensions  of  2(T)  x  3 ( W )  x  8(L)  mm  by: 

(1)  Miniaturization  through  the  use  of  a  rectangu¬ 
lar  resonator  elongated  in  the  X-direction. 

' 2 )  Increasing  the  energy  trapping  effect  and  elim¬ 
inating  the  affect  of  the  X-direction  unwanted 
vibrations  by  the  adoption  of  a  cylindrical 
snape  in  the  X-direction. 

( 3 )  Plotting  and  studying  in  detail,  a  V  direc¬ 
tion  unwanted  vibrations  mode  chart.  As  a 
result,  we  decided  that  the  ideal  dimensions 
are  P./ 1-_  40-60  ,  l/t=I2-17,  and  w/ 1=3 . 7-4 . 1  3 . 

The  actual  dimensions  at  4.19  MHz  are  1  b.O  mm, 
wM.6  mrr,  tr0.4  mm,  and  R  =  20  mm. 

(4)  weakening  the  coupling  between  the  l'  axis 
direction  unwanted  vibrations  and  thickness 
shear  vibration  by  tilting  the  edge  planes 
approximately  6  . 

i 6/  Attaining  electrodes  to  the  edge  plane  and 
effectively  usino  the  charge  thus  generated. 

The  main  features  of  this  resonator  are: 

1,  Average  equivalent  series  resistance  of  90 
Ohms  and  mean  of  200  x  I(P. 
t ,  frequency- tempo  ra  ty  re  characteristic  of  approx¬ 
imately  *1.'  x  I0'b  from  HI  C  to  16  C. 
f  frequency  aging  charac teristic  uf  ‘0.6  x  10"^ 
/ear . 

key  words  ,  for  information  retrieval) 

Pr/Stal,  Miniature  crystal  resonator,  l doe  plane 
tilting,  Pectangular  AT-cut,  Thickness  shear, 
unwanted  vibration. 

1  ritrodui  turn 

.uartz  wristwatches  having  a  much  moher 
precision  than  conventional  mechannal  wristwatches 
have  become  a  reality,  and  nreater  precision  is 
expected.  The  most  widely  used  crystal  resonator 
for  wristwatches  is  the  J2./6H  kHz  ; ,  ' Hz.  *6  X- 
sut  tuning  fork  type,  but  its  f requeru  /- tempera! urr 
characteristic  is  a  parabol r  curve  and  high  prec  i- 


sion  over  a  wide  temperature  range  cannot  be  ex¬ 
pected.  It  is  well  known  that  this  defect  can  be 
substantial ly  overcome  by  us  ng  an  AT-cut  crystal 
resonator  that  shows  a  third-order  curve  frequency- 
temperature  characteri s tic .  The  AT-cut  resonator 
has  an  excellent  frequency  aging  characteristic  and 
comparatively  large  ones  have  been  widely  employed 
as  the  easiest  resonator  to  manufacture  for  commu¬ 
nications  equipment,  stable  signal  sources,  and 
consumer  products. 

In  1970,  Switzerland  announced  the  world's 
first  so-called  mega-quartz  wristwatch  using  an 
AT-cut  crystal  resonator.  Shortly  thereafter,  in 
1976,  Japan  also  announced  the  same  kind  of  watc.n. 
These  wristwatches  have  a  guaranteed  precision  of 
several  seconds  /  year  and  utilize  tne  superior 
chara  :teristics  of  the  AT-cut  crystal  resonator. 
However,  low-priced,  popular  models  are  still  not 
available  because  of: 

1)  The  higher  power  consumption  of  LSI  caused  by 
use  at  a  high  frequency. 

2)  Miniaturization  of  the  AT-cut  crystal  element 
is  difficult. 

With  the  amazing  progress  made  in  IC  technol¬ 
ogy  in  recent  years,  the  appearance  of  a  practical 
IC  equal  to  the  present  tuning  fork  crystal  resona¬ 
tor  from  the  standpoints  of  power  consumption  and 
price  cannot  be  far  off.  The  power  consumption  of 
present  4.2  MHz  CMOS  LSI  is  3-5  /uA  at  1.5  Volt. 

In  the  case  of  the  latter,  the  AT-cut  crystal 
resonator  has  been  miniaturized,  but,  generally, 
if  the  outline  dimensions  of  an  AT-cut  crystal 
resonator  are  made  small  enough  to  satisfy  the 
mounting  condi tiuns  of  a  wristwatch,  coupling  be¬ 
tween  the  thickness  shear  vibration  and  the  unwant¬ 
ed  contour  vibrations  is  difficult  to  avoid.  If 
coupling  with  the  unwanted  vibrations  occurs,  the 
f requency-temperature  characteristic  worsens,  the 
equivalent  series  resistance  increases,  other 
undesirable  phenomena  occur  and  the  superior  char¬ 
acteristics  of  the  AT-cut  crystal  resonator  are 
obstructed . 

The  results  of  experiments  on  these  problems 
have  been  reported  by  J.  J.  Royer'.  Besides,  if 
the  crystal  is  made  smaller,  the  affect  of  the 
mounting  system  on  the  resonating  system  cannot  be 
ignored  and  a  stable  frequency  is  not  obtained. 

A  large  amount  of  research  on  solving  these 
problems  has  also  been  reported.  One  is  the  MR1 
plate  proposed  by  Fukuyo‘  who  has  produced  a  reso¬ 
nator  having  an  extremely  high  Q.  Another  is  the 
proposal  by  Onoe^  and  others  who  have  improved 
the  f requency- temperature  characteristic  by  intro- 
dui ing  the  edge  plane  tilt  principle  into  a  beveled 
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rectangular  resonator  elongated  in  the  x-direction. 
A.  L.  Zums teg  and  P.  Suda^  have  proposed  a  resona¬ 
tor  with  a  simplified  mounting  system  using  a  rec¬ 
tangular  resynator  elongated  in  the  /'-direction. 

..  Yainashita-5  has  also  studied  the  unwanted  vibra¬ 
tions  of  a  beveled  rectangular  resonator  elongated 
in  the  /-direction  in  detail. 

however,  the  optimum  value  has  been  pursued 
with  these  resonators  to  avoid  the  many  unwanted 
vibrations  that  are  propagated  in  the  X  and  1' 
directions  and  efficient  mass  production  is  diffi¬ 
cult. 


we  have  increased  the  energy  trapping  effect 
and  substantial  ly  weakened  the  coupling  with  the 
■.-direction  unwanted  vibrations  by  using  a  convex 
shaped  rectangular  resonator  elongated  in  the 
x - d  i  rec 1 1  on  .  we  also  tilted  the  edge  plane  on  the 
tail  approximately  5  and  pursued  the  pure  thick- 
nexx  shear  mode  by  weakening  the  coupling  with  the 
J  direction  unwanted  vibrations. 

As  a  result,  a  miniature  AT-cut  resonator 
having  outside  dimensions  of  /(I)  x  3(W)  x  H(L)  mm 
and  the  superior  characteristics  of  AT-cut  crystal 
w.r  [roduced.  The  developement  process  and 
experimental  results  are  discussed  below. 


Design  objectives  , 

The  performances  demanded  of  AT-cut  resonators 
by  wristwatch  manufacturers  are  extremely  severe, 
a  f requency- temperature  characteristic  of  +1  x  10'^ 
or  less  at  IOC  to  35  C  and  a  frequency  aging 
characteri  sti' s  of  *3  x  10•',  ,  years  or  less 
being  typical.  Since  satisfying  these  performances 
was,  of  course,  deemed  to  be  extremely  difficult  in 
realizing  a  wristwatch  having  a  precision  of  sev¬ 
eral  seconds  per  year,  we  proceeded  with  develope- 
ment  on  the  t o 1  lowing . des ign  objectives: 

1  .  F-4.  HA  304  MHz  (2^  Hz) 

, .  1U0  Ohm  or  less  equivalent  series  resistance  at 
-Zb  !.  to  tfU  C. 

F  reguericy-temperature  characteristic  of  *2  x 
lU'b  or  less  at  10  C  to  35  C  and  *5  x  10'“  or 
less  at  0  C  to  50  C. 

4.  Smallest  possible  outside  dimensions. 

5.  Superior  shock-resistance  and  aging  character- 
l st i cs  . 

high  reproducibility  and  production  efficiency 
des  ign . 

The  4.19  MH;  of  item  1.  is  considered  to  be 
the  optimum  frequency  from  the  standpoints  of  LSI 
power  consumption  and  resonator  miniaturization. 

Deciding  the  resonator  shape 

I.  /-dimension  (I)  selection  and  adoption  of  cylin¬ 
drical  shape 

from  the  st  dpoints  of  improved  equivalent 
series  resistance  and  f requency-temperature  charac¬ 
teristic,  a  rectangular  resonator  elongated  in  the 
■-direction  was  adopted,  figure  I  shows  its  ixis 
directions.  To  trap  the  thickness  shear  mode 
energy  and  thus  to  eliminate  the  affects  of  mount¬ 
ing,  the  bevel  shape  generally  used  was  adopted  in 
the  /-direction.  Figure  ?  (a)  shows  the  beveled 
blank  .  We  studied  the  width  and  angle  of  this 


bevel  shape  in  detail  and  produced  many  test  units, 
stably  produced,  and  high  bevel  shape  machining 
precision  is  required  to  control  the  f requeue/  of 
the  unwanted  vibrations. 

Numerous  papers  have  been  announced  on  re¬ 
search  on  the  bevel  shape.  However,  the  exact 
effect  of  beveling  is  not  clear  and  weakening  tin- 
coupling  with  the  flexure  vibrations  that  are  :  r ; - 
pagated  in  the  X -direction  of  a  small  re-  tangular 
resonator  is  extremely  difficult. 

Generally,  the  unwanted  vibrations  propaga toe- 
in  the  X-direction  of  an  AT-cut  resonator  are  tu 
high  order  flexure  vibration  given  by  the  equation. 


t ( flexure ) 


,'y  JTl  ta_nh.(  tA,/P/ 


Where,  pidegree,  normal  odd  number,  !:X  dimension 
length,  t:thickness,  , icrystal  density. 

The  1  dimension  is  designed  to  adequately  separate 
the  flexure  vibrations  of  Eg.  (1)  from  the  thick¬ 
ness  shear  vibrations  and  to  make  their  coupling 
with  the  thickness  shear  vibration  small,  and 
to  prevent  degradation  of  the  equivalent  resistance 
by  mounting.  Actually,  a  fairly  large  number  of  X- 
direction  unwanted  vibrations  having  a  various 
vibration  modes  are  also  observed. 

Therefore  we  abandoned  the  bevel  shape  and 
studied  the  convex  shape  often  used  with  compara¬ 
tively  low  frequency  miniature  AT-cut  circular 
resonators.  Figure  2(b)  shows  the  cyl indrical ly 
shaped  resonator.  This  shape  is  a  cylinder  that 
follows  a  circle  only  in  the  X-direction.  Actually, 
adoption  of  this  shape  adequately  reduces  the  X- 
direction  energy  leakage  and  unwanted  vibrations 
coupling  so  that  the  1  dimension  could  be  virtually 
ignored.  Since  precision  lapping  is  possible,  the 
w  dimension  can  b"  simply  selected  to  avoid 
unwanted  vibrations. 

Figure  3(a)  and  Figure  3(b)  are  the  typical 
frequency  response  of  a  beveled  resonator  and 
cylindrical  resonator.  These  measurements  are  for 
1 / t= 1 5 .  As  can  be  seen  in  the  figures,  the  cylin¬ 
drical  shape  reduces  both  the  number  and  magnitude 
of  the  unwanted  vibrations. 

The  cylindrical  radius  R  and  length  1  dimen¬ 
sions  were  selected  at  R/t=40-60  and  1 / t= 12-17  from 
the  results  of  experiments  taking  into  account  the 
degree  of  energy  trapping  and  the  degree  of  equiv¬ 
alent  resistance  degradation  caused  by  mounting. 

Since  a  large  amount  of  energy  cannot  be 
trapped  completely  at  about  R/t=50,  the  equivalent 
resistance  deteriorates  somewhat  when  the  resonator 
is  mounted.  To  prevent  this,  the  rear  of  the 
cylindrical  surface  was  beveled  about  c/ 1 =0 . 1 7 . 

2 . _ Z ‘  d i mension  (w)  selection 

Next  we  studied  the  V  direction  unwanted 
vibrations  in  detail  to  select  the  w  dimension. 
Figure  4  is  a  mode  chart  showing  the  frequency 
response  of  the  R/t=50,  1 / 1= 1 b  ,  c/ 1 =0 .17,  w/t  =  3.0- 
4.4  test  pieces.  This  figure  is  for  comparatively 
large  responses. 
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tecausi-  the  resonator  is  (  y  I  iruiri  t  <4  ]  ,  it  is 
•in  extremel  >  simple  type  in  which  X-direction  un¬ 
wanted  valuations  die  not  ubserved.  Straight  line 
l  ot  F  t  1  /  JO  is  the  thickness  shear  vibration. 

>  t  roiuj  onw.inteO  vibrations  are  observed  at  w/t'.b 
.•hi  w,  f -4.3.  These  are  q  1  ven  by  equation  below 
.ltd  are  considered  to  be  the  2nd  order  longitudinal 
vibrations  and  3rd  order  fare  shear  vibrations.  ’ 


*  , 1  one  1 1 ud 1 na I 


(?) 


(3) 


abort.  0: degree,  wiwidth  dimension,  (.'33,  C ' 55 : 

> • 1  *  f ness  v  oust  ant . 

;  as  ’ s a  I  I  ,■ ,  the  «  dimension  should  be  selected 
with  this  1  mure  to  avoid  the  unwanted  vibrations, 
'owever.  sime  the  4 roquency- temperature  charac¬ 
ter  1st k  ot  tee  unwanted  vibrations  has  a  large 
temieiuture  loetticient  of  about  -1  x  10'b  /  "C  to 
I  >  i .  C  ,  to  ensure  decoupling  with  the 

•hi.  mess  shear  vibration  *rom  -20' C  to  <70'  C  at 
4  id  Mh.-,  the  thickness  snear  vibration  and  unwant- 
••.,  »■  iprat  ions  must  be  at  least  * 20  kHz  apart. 

•mure  ■  was  used  to  measure  the  frequency 
on  ,e.  Moreover,  to  increase  the  unwanted  vi- 
pr  it  t  on  response  sensitivity,  a  measurement  method 
ir  wht.n  the  crystal  is  touched  with  a  sU  p  fine 
id  wire  prube  was  employed.  The  detection 
o  n  s  1 1 1  vi  ty  is  approximately  HO  dli. 

>.  lilting  of  edge  planes 

weakening  trie  coupling  between  the  thickness 
shear  vibration  and  7 '  -axis  face  shear  vibrations 
by  tilting  the  edge  planes  approximately  b  was 
•reposed  by  R.  Li.  Kindling  Onoe^,  and  Mochizukio. 
Recording  to  this  theory,  since  the  stiffness 
.'•nstant  i. '-jt,  is  not.  zero,  the  edge  plane  traction- 
tree  boundary  conditions  are  not  satisfied  by  the 
thick tms '.  shear  vibration  alone. 

L 1 1 .  '.,4/  gives  the  edge  plane  tilt  angle  that 
satisfied  this  condition. 

I  an.  tan  .  C  '  C  1 66 )  :  a  ! 

where  eeoge  plane  tilt  angle,  C. '  tjtl ,  L'ppi  stiff¬ 
ness  constant.  *  IS  approximately  b"  for  an  AT-cut 
resonator.  Figure  6  stiows  this  edge  plane  tilt. 

Figures  1  and  8  are  comparisons  of  the  fre- 
juem.y- tempera ture  characteristic  when  the  edge 
planes  are  tilted.  u-0  and  rb  and  the  w/t  is 
varied.  Figure  9  is  plotted  so  that  this  relation¬ 
ship  sari  be  more  easily  understood  and  chows  the 
temperature  coefficient  at  2 b  C.  The  solid  line 
is  for  i-g"  and  the  broken  line  is  for  i  t1.  The 
.r/stal  1  ut.  angle  is  -JO'  06*  lb“*  lb". 

I ri  other  words,  tilting  the  edge  plane  b  effec¬ 
tively  weakens  the  coupling  between  the  thickness 
shear  vibration  and  /'-axis  direction  unwanted 
v ibrat  ions . 


bration  was  also  confirmed  from  the  temperature  co¬ 
efficient  of  Figure  9.  Coupling  with  w/t=3.b  lon¬ 
gitudinal  vibrations  is  also  weak.  The  reason  for 
this  was  not  theoretically  analyzed  but  is  assumed 
to  be  due  to  mode  conversion  between  the  longitudi¬ 
nal  mode  and  face  shear  mode. 

From  the  results  of  these  experiments,  w/t= 
3.7-4.13  was  selected  and  the  final  value  of  the 
w  dimension  was  decided  by  studying  the  equivalent 
resistance  temperature  characteristic. 

The  dimensions  of  a  4.19  MHz  resonator  blank 
seln  ted  by  the  above  technique  are  l-fc.O  mm, 
w~  1 .  b  mm,  t  =  0.4  mm,  R-20  mm,  and  (.-1.0  mm.  Figure 
10  is  a  photograph  of  this  blank. 

Llectrode  shape  design 

Generally,  electrodes  are  attached  only  to 
the  top  and  bottom  of  the  X-Z'  plane  of  an  AT-cut 
crystal  resonator.  However,  with  a  rectangular 
resonator  of  about  Z/t=4,  the  charge  induced  in 
the  X-V  plane  (edge  plane)  shown  in  Figure  II  tan 
not  be  ignored.  To  effectively  use  this  charge, 
the  equivalent  resistance  was  made  substantially 
lower  than  that  of  a  resonator  without  edge  plane 
electrodes  by  making  the  electrodes  the  shape  shown 
in  Figure  12.  The  electrodes  are  plated  with  gold 
to  a  thickness  of  approximately  1 600  Angstrom. 

Outl ine  of  production  process 

Figure  13  outlines  the  production  process. 

This  process  is  basically  the  same  as  that  of  the 
conventional  AT-cut  resonator,  except  that  batch 
machining  is  possible.  Actually,  the  cutting, 
lapping,  and  cylindrical  machining  processes  are 
more  efficient  than  those  of  conventional  circular 
resonators.  The  usage  efficiency  of  synthetic 
quartz  is  also  about  lb  times  better  than  that  of 
a  miii  diameter  circular  resonators. 

Mo  unt  i  ng  met  hod  and  h_oJ  d  e  r 

The  shock  and  vibration  resistance  is  improved 
by  mounting  the  resonator  with  conductive  adhesive 
at  two  points  at  the  end  of  the  X-direction.  To 
prevent  the  thermal  expansion  difference  of  the 
holder  and  resonator  blank  from  adversely  affecting 
the  frequency- temperature  characteristics,  the 
mounting  section  is  made  flexible.  Figure  14  shows 
the  mounting  structure. 

The  holder  is  a  cold  welded  vacuum  sealed 
type  to  improve  the  equivalent  series  resistance 
and  guarantee  the  frequency  aging  characteristic. 
The  outline  dimensions  are  shown  in  Figure  19. 

The  presented  type  has  a  volume  1/18  that  of  the 
HC-43/u. 


Re  iOna  tor  t  ha  racter  i  sties 

The  results  of  measurement  of  the  various 
characteristics  of  200  resonators  designed  and 
manufactured  as  previously  described  are  given. 
They  showed  very  good  characteri sties  as  initial 
developement  products. 


The  realization  of  pure  thifkness  shear  vi- 


1.  Iquivalent  circuit  parameters 

Table  1  shows  the  typical  data  of  the  reso¬ 
nator  equivalent  circuit  parameters  measured  by 
the  I Lf. - PUt' - 444  method. 

I  igures  l*Ha.  thru  l‘j(e)  are  the  histograms. 


1  4.194  304  v  Mhz ) 


.  9(0hir.j 

F igure 

16(a) 

2  j  >  IO-? 

Figure 

16(b) 

4  It  .  oimH) 

F igure 

16(c) 

1  .  J  J  (.  pf  > 

F igure 

16(d) 

Cl  s')  1 

F i gure 

16(e) 

Table  1 


The  distribution  of  the  equivalent,  series 
resistanie  hi  is  somewhat  poor,  but  is  considered 
te  :  k  guile  et  improvement  at  the  next  stand  of 

,:tive;  i|  emeu t  . 

-  .  :  re. jueni.y- ter  j  era  tore  i  n.irai  teri  st  ic  and  equiv¬ 

alent  rc s i s t ant e- ten]'era ture  charui  teristic 

I i dure  ic  shows  the  t requeue y  and  equivalent 
res  i  •,  t.m.ce- temper  at  ure  c  narac  t  er  i  s  t  i  cs  .  A  frequen- 
<  ■  n.inde  ai  ••  F  ot  ♦  ;  .o  >  Ur-  is  adequately  satis- 

•  led  between  lo  L  and  jb  !. .  1  he  •  requeni.y-temper- 

■i*.,re  n  n'dc  t  ir  i  s  t  i,  s  are  a  <rd  <  i'der  curve,  and 
ini  equivalent  rest  itaru  e  is  al-mst  *  lot  over  the 

-  ; .  to  »t(i  l  temi'era ture  range,  indicating  ideal 

1 1'  i  ■.  >  ne -o  shear  vibration.  The  point  et  inflection 
tea  ;  er.iture  is  ; -roximatt' I.,  ii  (  to  G. 

Frequency  aq l n'j  characteristics 

1  ’  a, re  17  shows  the  frequent.,  aqinq  hjrjt- 
frrist'  wher  the  reSiinat or  was  Stored  unloaded  at 
,  f  .  Sfjiil  ts  of  +0.6  f  lb"1  /  .'-.sOU  ••,  or  about 
n*  ] r  wire  obtained. 

Tut  equivalent  series  res i s tam.e  was  snnulta- 
oi,s  1  ,  "e.is  .red.  but.  showed  virtually  no  <  hanqe. 

s., Its  of  v.  seconds  in  about  oru  year  were 
:  ’.a  ; r  ed  •  rip'  tests  performed  by  a  watch  manutac- 
t  ,i  >  ■  ■  with  the  resonator  mounted  in  an  actual  watch 
.an:  its  superior  f  requrricy-aq  i  rig  characteristic. 

■  n  continuous  loaded  operation  was  confirmed. 

'■'«  ■  i  s  tarn  (  and  other  env  i  ronreri  ta  1 

;  *  r'f'.r  •■soil  c-s 


in  the  X-direction  and  tilting  the  edge  planes 
about  b" , 

As  a  result,  a  miniature  AT-cut  crystal  reso¬ 
nator  with  characteristics  comparable  to  those  of 
a  large  resonator  was  realized. 

We  intend  to  continue  to  direct  our  efforts 
toward  greater  miniaturization  and  improvement  of 
the  equivalent  resistance  and  f requency-temperature 
characteristics  of  the  resonator  in  the  future. 
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T'.ese  are  the  no  t  stringent  of  all  the  per- 
n..  r”  jru. es  demanded  of  a  resonator  for  wri  stwa tches  . 
1  isum  i r.  shows  the  change  in  the  frequency  and 
equivalent  resistance  when  the  resonator  was 
drop;  eg  onto  a  hard  wonder,  board  from  a  height  of 
7s  'ii.  The  average  f  requern  y  change  is  about  -0..', 

>  IC'f  and  shows  that,  the  resonator  is  adequately 
soi  '  k  re. ist.  int.  Adequate  results  were  also 
obtain'd  tri  er.v  i  ronment  testing,  vibration  testing, 
'hern  :i  tin  i  .  beat  cyi  le,  and  ottier  tests. 
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!t  was  ritir'-nq  te.-it  '  no  aff'-cts  of  unwanted 
,  irafM',.  ■  an  bf  iM'qly  ivciibd  oven  witii  a  snail 
r  *  c  1  ir. uu  1  ar  resonator  by  using  a  i  ylmdrical  stiape 
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Fig.  I  Rectangular  AT-Cut  Quartz  Plate 


Fig. 2  (a)  Beveled  Blank. 

(b)  Cylindrical  Blank 
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Fig. 3  Typical  Frequency  Response  of  Beveu  <  Resonator  (a) 
and  Cylindrical  Resonator  (b). 
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Fig  5  Block  Diagram  of  Frequency 
Response  Measurement. 
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Fig. 6  Edge  Plane  Tilt. 
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Fig. 7  F-T  Characteristics 
(Edge  Plane  Tilt  Angle  a— O 
and  w  t  is  a  Parameter). 


Fig. 8  F-T  Characteristics 
(Edge  Plane  Tilt  Angle  a  5 
and  w  t  is  a  Parameter). 
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Fig  9  Temperature  Coefficient  at  25C 
for  „  5  (Solid  Line)  and  a=0  (Broken  Line) 
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Fig  I  I  Induced  Charge  at  Edge  Planes 


Fig.  I  2  Electrode  Shape 
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Fig  I  3  Production  Process. 


Fig.  I  4  Mounting  Structure 
and  Its  Holder 
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Summary 


i he  miniature  reel  angular  bar  resonator 
introduced  hv  /.umstig  in  197h  was  shown  to  have 
e  St  el  lent  electrical  performance  as  well  as 
ottering  tin  advantages  >>t  small  size  and  simple 
shape.  r'atlier  attempts  to  correctly  model  all 
the  parameters  »>i  this  resonatin'  have  been  un- 
-oil  ce<s  :  !  ,  tithei  bet  ause  over-simp!  i  f  ieat  ion 

v,as  t  •  .  tf.*, si  der able  ina  curacy  or  because 

ovt.  r crip  !  i  •.  a  t  i  on  has  led  to  excessive  demands 
•mi  ".puling  resources.  Here  we  describe  a  new 
threo-dimensitMt.il  model  which  is  comprehensive, 
but  never 't  be  1  ess  s  t  r.i  i  ght  f  orwa  rd  in  concept. 

The  solution  is  expressed  as  the  linear  sum  of 
part iii  modes,  each  having  a  wave-number  whose 
components  in  all  three  inordinate  directions 
an-  in  general  .  mnplex.  Mode-matching  theory 
is  used  to  1 i nd  the  relative  amplitudes  of  the 
partial  modes.  Newton's  equations  of  motion 
and  the  quas i -s t at i c  approxi mat  ion  to  Maxwell's 
equation,  are  satisfied  exactly,  taking  full 
ac«.  ount  of  pie/oelect  ric  coupling.  The  boundary 
condi tions  are  satisfied  exactly  on  the  major 
i  aces  and  approximate  1 y  on  the  minor  faces  of  the 
bar.  1‘he  mass- loading  md  electrical  shorting 
el  let  ts  of  the  electrodes  are  both  included. 

The  fundamental  mode  ol  tin  bar  and  its 
inharmonic  overtones  ire  shown  to  be  coupled  modes 
which  are  linear  combinations  of  the  TS l ,  TS3  and 
FI  modes  ot  a  plate.  The  dispersion  of  these 
<.  upled  modes  is  l ound  to  vary  strongly  with 
‘Langes  in  the  cross-sectional  aspect  ratio  of 
the  bar.  This  implies  that  energy-trapping  also 
varies  with  this  ratio.  In  some  instances  the 
spatial  attenuation  ot  amplitude  towards  the  ends 
5  the  bar  is  in  the  form  of  a  damped  oscillation 
rather  than  the  more  usual  simple  exponential 
d«<ay.  Solutions  are  presented  for  frequency, 
nii-tienal  <  apac  i  t  anee ,  quality-factor  and  frequemy- 
temperature  behaviour  as  functions  of  aspect  ratio, 
angle  nf  orientation,  bar  length,  electrode  length 
and  mass- loading.  Solutions  are  also  presented 
for  tlie  frequencies  and  quality  factors  of  the 
inharmonic  overtone  modes.  Excellent,  agreement 
is  shown  wifli  published  experimental  data. 

1 utroduct  Lou 

Several  novel  designs  of  miniature  quartz 
i  rvst.il  resonator  have  been  reported  in  recent 
y.  .its.  <)m-  i>t  tlie  most  interesting  of  these  is 
t  tie  design  proposed  by  Zumsteg  in  197b1.  This 


combines  the  advantages  of  a  simple  rectangular 
shape,  considerably  smaller  overall  size  than  a 
conventional  AT-cut  disc  resonator  and  exceptional 
electrical  performance.  Unfortunately  this  per¬ 
formance  has  not  been  fully  understood.  Early 
analysis  employing  two-dimensional  plate  equations 
gave  good  agreement  for  frequency  but  only  moderate 
agreement  for  frequency-temperature  performance 
and  very  poor  agreement  for  energy-trapping  . 
Subsequently  we  developed  a  three-dimensional 
variational  model  which  gave  better  agreement  for 
energy-t rapp i ng ,  but  which  involved  a  very  large 
amount  of  computation  to  obtain  even  a  single 
solution This  model  was  therefore  not  a  useful 
design  tool.  Much  the  same  problem  was  found  with 
the  finite  element  program  ASKAU  when  applied  to 
this  type  of  resonator.  Here  we  describe  a  new 
three-dimensional  model  which  uses  mode-matching 
theory  giving  the  solution  in  terms  of  a  linear 
sum  of  partial  modes  with  wave-numbers  which  in 
general  are  complex  for  all  three  rectangular  co¬ 
ordinate  directions. 

The  Zumsteg  resonator  is  shown  in  Figure  l. 

It  consists  of  a  rectangular  bar  taken  from  a 
rotated  Y-cut  quartz  plate  with  the  width  dimension 
parallel  to  the  X-axis  of  the  crystal.  Angles  of 
rotation  u.  of  greatest  interest  are  close  to  3S  , 
which  is  the  AT-cut.  The  electrodes  are  rectangular 
and  occupy  the  full  width  of  the  central  region  of 
each  face.  The  principal  mode  of  vibration 
contains  contributions  from  both  flexural  and  thick¬ 
ness-shear  plate  modes  which  are  coupled  together 
at  the  faces  normal  to  X-  This  will  be  discussed 
more  fully  later.  The  mode  is  sufficiently  compli¬ 
cated  to  suggest  that  a  fully  three-dimensional 
analysis  is  required  to  adequately  describe  its 
behaviour.  The  two-dimensional  plate  equations 
are  based  on  the  assumption  that  one  dimension  of 
the  resonator  is  significantly  smaller  than  the 
other  two  and  that  is  not  the  case  in  the  devices 
considered  here.  It  can  therefore  be  expected 
that  a  two-dimensional  analysis  based  on  these 
equations' ,  though  efficient,  might  lead  to  some 
inaccuracy.  The  solution  described  he- re  satisfies 
the  full  set  of  Newton’s  equations  and  the  quasi  - 
static  approximation  to  Maxwell's  equations,  taking 
account  of  the  piezoelectric  coupling  between  these 
two.  This  self-consistent  approach  to  the  coupling 
between  electrical  and  mechanical  fields  is  not 
usually  necessary  in  the  case  of  quartz  which  is 
piezoelectrical ly  weak.  Nevertheless  more  strongly 
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p  i  ezoe  Icr  t  r  i  c  materials  may  ho  required  tor  somo 
miniature  resonator  applications  in  order  l *> 
act]  i  coo  adequate  motional  c.’.pac  i  t  unco  .  It  is 
mainly  with  this  possibility  in  mini!  that  piezo¬ 
electricity  is  treated  as  a  first-order  e fleet. 

The  boundary  conditions  are  satisfied  exactly  on 
the  major  faces  (i.e.  those  normal  to  Y ' )  within 
the  limitations  of  the  mass- loading  and  zero 
normal  Mux  approximat ions  described  later.  The 
boundary  conditions  on  the  minor  faces  (i.e.  those 
normal  to  X  and  /!'  and  at  the  interlaces  between 
the  plated  and  unplated  regions  of  the  bar  are 
satisfied  approximat el v .  The  analysis  treats  the 
platen  and  unplated  regions  as  sections  or  .Stic 
waveguide,  and  the  central  problem  is  that  01  find- 
in.;  tlu*  dispersion  chai acter i st i cs  of  the  guided 
modes.  Firstly,  however,  it  is  necessary  to 
.Msider  the  modes  of  a  pi ezoc 1 cc t r i c  continuum, 
since  a  linear  combination  of  these  describes  each 
guided  mode. 


Now  consider  a  solution  to  equation  (7)  of  t he 
l  orm: 


!  1  !  -  jk  ^  f'.xj  ♦  ix,  *  r.x,J  .  1 


where  k()  is  a  real  constant,  ,  i  ,tnd  r  are  .  *  >'n;>  1  *  >: 
normalised  wave -nutnhe  rs  ,  „  is  angular  f requeue y ,  and 
t  is  time.  Substituting  this  t r i a  I  solution  into 
equation  (7)  gives 

M .  .  A .  -  n  ( i  - 1  , ,  3,4)  <‘>) 

«  J  ! 

where  the  elements  ot  the  matrix  li  are  t  unctions  of 
the  material  constants,  the  trial  wave-number 
components  and  1 requency  .  Non -trivial  solutions 
are  given  by  those  combinations  of  wave-number  and 
frequency  for  which 


dill  crent  i  a  1  liquations  and  MikKs  ot_  a  lant  inuum 


H  ' 


0 


Hie  differential  equations  governing  t  lie 
beitaviour  of  a  piezoe  ledr  ic  .onlinuum  are  Newton’s 
laws  of  motion  and  the  quasi -static  approx i ma t i on 
to  Maxwell's  equation.  (This  latter  a;  ;.i  oximat  ion 
is  valid  because  acoustic  waves  ai»*  t  y*  i  illy  live 
orders  of  magnitude  slower  than  «•!*•  t  »  m.u cv  t  i . 
waves).  Thus : 

I'..,.-  oii.  =  H  (Newton's  l.aw)  (1; 

Ml  * 

and  -  'A  (■'■.•mss'  law'  \  1) 

i  \ 

w:ii re  1,  .  ,  a  and  .  are  respectively  stress, 
i«:;>i*v,  particle  displacement  and  electric  Mux 
density.  Normal  tensor  notation  is  used  so  that 
■mi  denotes  differentiation  with  respect  to 
ip.it  ial  -  .  >rdinat*‘s  and  dot  denotes  differentiation 
with  r.sp.ot  r i  ■  tine.  These  equations  are  coupled 
!•/  t  tie  p  i  ez.oe  1  et  t  r  i  equations  of  State, 


wher*.  N ,  h,  e,  ‘  are  respectively  strain, 

eie.  tri<  field,  and  the  stiffness,  piezoelectric 
an-j  permittivity  tensors  of  the  crystal,  referred 
to  tin-  rotated  ■un-rdinate  areas,  >: ;  ,  x  ,x.,  shown 
i n  F i gure  1 .  In  add  it  ion. 
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Kach  such  solution  represents  a  mode  of  the 
continuum.  Results t  i  tut  ing  these  values  of  t  requeue; 
and  wave-numher  into  any  three  of  equation  <V)  and 
solving  the  linear  equations  yields  the  ratio 
A«:A  :A^:AU  appropriate  to  the  mode. 

boundary  Conditions  and  Modes  of  the 
Acoustic  Waveguide 

Consider  the  rectangular  acoustic  waveguides 
shown  in  Figure  2.  In  each  case  the  bar  of 
infinite  length,  width  £j  and  thickness  ■  .  Cuided 

modes  which  either  propagate  along  the  bar  or 
alternatively  are  evanescent  along  the  bar  (i.e. 
cut-off  modes)  must  satisfy  the  electrical  and 
mechanical  boundary  conditions  on  the  tacos  normal 
to  both  Xj  and  xy .  The  two  cases  shown  must  he 
studied.  In  the  first  case  the  faces  normal  to  x 
are  electrically  and  mechanically  free,  and  in  the 
second  they  are  each  loaded  with  a  thin  conducting 
film  density  pm  and  thickness  h.  For  short -c i rcu i t 
modes  the  two  conducting  films  are  externally 
shorted  together.  In  both  cases  the  surfaces 
norma  I  to  x;  are  free.  The  boundary  conditions  lor 
tin-  plated  and  unplated  guides  are  then. 


t‘np  1  a  t  ed  gu  i  de  : 

T  j  j  =0  a  t 

X]  =  i 

Jj/2  (01.2,3) 

(11) 

Dj  =  0  at 

X]  =  * 

!,/2 

( 1  2) 

T;i  =0  at 

X  =  • 

t7n 

mi 

IM  =  0  at 

x  >  -  ' 

l>/2 

(mi 

Plated  guide: 

As  for  the  i 

nnplated 

guide ,  equat ions 

on 

and  (12) 

T.  i  * 

a  t  x 
l 

.  =  •  i,n 

(IS) 

f  ~  0 

at  X; 

,  -  ■  i:/2 

(KM 

17. 


Two  approximations  ar»>  made  here.  In  equations 
i  I  1  .*  :i‘  I  «  I  ■* )  tin-  normal  .ouipomuit  <»l  flux  should 
strictly  he  continuous  across  the  boundary  rather 
than  zero.  However  tor  guides  with  either  high 
dieleetrie  constant  (is  with  lithium  niohate)  or 
weak  pi ezoe I ei  t r  i  c  coupling  (as  with  quartz)  the 
approx i mat e i on  is  good.  Secondly,  since  h-f  it 
i  an  be  assumed  that  the  mechanical  effect  of  the 
metal  t  i  Ini  is  to  simply  mass- load  the  surface 
yielding  equation  (IV).  These  boundary  conditions, 
along  with  the  ditierential  equations  (7)  and  the 
trial  sc*  lut  ions  l.K)  are  now  used  to  find  the  guided 
modes . 

It  will  he  appreciated  that  fixing  any  three 
of  frequency  .  and  the  normalised  wave-numbers,  r, , 
i  and  ■'  restricts  possible  values  of  the  fourth  to 
solutions  of  equation  (10).  if  uj,  '  and  are 
fixed  then  equation  (10)  is  an  eighth  order  poly¬ 
nomial  in  t,  with  complex  coefficients.  The  zeros 
of  this  polynomial  yield  eight  partial  modes  of 
tlu'  form: 

>'j<n>  *  Bnajn‘‘xp[~ilV/-x!  * ''nx.  *  f.x,)  ♦  jut] 

<  i  =  1  ,2,  I,i,n  =  ! . 8)  (17) 

where  B,,  is  an  unknown  amplitude  constant,  a.  =  A/ , 

,  11  ,  .  r  r  .mi 

.v,  -  1,  and  :  is  rewritten  as  u»,  for  convenience. 

kf  is  arbitrarily  defined  by  k0  =  "/»!;■  so  that  all 
values  of  •,  i  and  \  will  be  of  unit  order  of 
m.ign  i  t  ude  . 

In  order  to  satisfy  the  boundary  conditions 
at  x.  =  •  t,  ri  a  linear  combination  of  these  eight 

nu  de  s  i  s  requ  i  red  . 

Thus , 

"i  *  I  /  Bn  “  i  [-  ik»  !  ,fXP  [-  »kr.  (--x  1  *  f-xVH 

11=  i 

(18) 

Substituting  this  into  equations  (13)  and  (14)  for 
the  unplated  bar  or  equations  (15)  and  (16)  for  the 
plated  bar  yields  linear  equations  of  the  form: 
e 

T  K.  B  (j  =  l . 8)  (19) 

nil  >"  n 

where  the  elements  of  the  matrix  K  are  functions  of 
’  ,  f  and  i.p  as  well  as  constants  of  the  material. 
Possible  nun-trivial  solutions  are  given  by  those 
combinations  of  r.f  f]  and  ^  for  which 

; K [  =  0  (20) 

Kesiibst  i  tut  i  ng  these  wave-numbers  and  frequency 
into  any  seven  of  equation  (19)  and  solving  yields 
the  ratios  of  the  Bn.  Each  such  solution  is  a  Lamb 
mode  of  an  infinite  plate  of  thickness  < ?  and  may 
be  wr i 1 1  en , 


)  I  -  .  r  . ,  1 

=  i  ■  i  a .  exp  -  | k  i  x  | 

i  m  .  mn  i  mn  1  **  mu  z « 

I  ti  *  ; 


exp  -  j  k  \  x  ,  ♦  .  |  +  j-^t  I 

“mi  ‘  ‘  j 


where  .'.n)  is  one  solution  of  equation  (20)  for  a 
given  combination  of  K  and  j.  is  an  unknown 

constant,  bmn  =  Bn ,  =  1  ,  and  the  number  of 

subscripts  for  a  and  n  has  been  increased  to 
indicate  both  the  plate  mode  number  m  and  the 
continuum  mode  number  n.  An  infinite  number  of 
plate  modes  exist  for  each  choice  of  f,  and  jj,  and 
indeed  an  infinite  number  would  be  required  to 
satisfy  the  boundary  conditions  of  equations  v 1 1 > 
and  (12)  exactly  at  every  point  on  the  faces 
normal  to  xj .  This  is  clearly  impracticable. 
However,  it  is  found  that  a  small  number  of 
judiciously  chosen  modes  gives  an  accurate 
approximation  to  the  boundary  conditions. 

Earlier  analysis1,5,  has  shown  that  the  predominant 
plate  modes  are  TSl  (thickness-shear  across  the 
bar)  and  FI  (flexure  across  the  bar).  These  modes 
are  shown  schematically  in  Figure  3.  For  certain 
wi dth-to-thi ckness  ratios  there  is  also  coupling 
to  the  face  shear  mode  FS1  (not  shown).  However 
such  ratios  should  be  avoided  in  practice  because 
of  the  close  proximity  of  another  bar  mode  which 
is  predominantly  face  shear1. 

We  now  consider  to  what  extent  the  stress 
boundary  conditions  of  equation  (11)  can  be 
satisfied  by  the  TSl  and  FI  modes,  and  what 
additional  mode  if  any  might  be  required  to 
satisfy  these  conditions  more  accurately.  The 
distribution  of  stress  Tjy1^  across  the  thickness 
associated  with  each  plate  mode  m  may  be  found 
for  any  given  choice  of  w  and  £,  by  substituting 
equation  (13)  into  equations  (5),  (6)  and  (3). 

If  C  =  0,  that  is  if  the  mode  is  uniform  along  the 
bar,  there  is  a  large  odd  component  of  Tjj  and  a 
large  even  component  of  Tjj  associated  with  each 
mode  (odd  and  even  in  the  sense  of  the  spatial 
symmetry  about  x2  =  0)  .  Other  components  of  stress 
are  very  small  in  comparison.  If  f,  t  0,  which  is 
the  situation  that  arises  with  energy-trapping, 
there  is  also  a  large  odd  component  of  T]3  present 
in  each  mode.  This  suggests  that  for  the  energy- 
trapped  bar  mode  there  will  be  strong  coupling  to 
the  TS3  mode  (thickness-shear  along  the  bar,  see 
Figure  3)  whose  predominant  stress  components  for 
5  f  0  also  include  the  odd  components  of  T \  j  and  Tjj 
and  eve:,  component  of  Tjj.  Since  we  cannot  satisfy 
equation  (11)  exactly,  we  modify  the  boundary 
conditions  such  that  only  the  fundamental  Fourier 
component  of  aDpropriate  symmetry  is  zero  at 
xj  =  ♦  i\/2  for  the  three  stresses  T .  ( i  =  1,2,3). 
Thus :  1 

i:/2  ' 

|  T j  !  sin(kox?)  dx2  =  0 

-4/2 

*;/2 

f  T]  2  cos  (k0x2)  dx2  =  0  1  at  Xj  =  +  f.  j/2  (22) 

-l?/2 

e?/2 

f  Ti  •*  sin  (k0x„)  dx_,  =  0 
-V,/2 


1/6 


The  TSl,  FI  and  TS3  modes  in  fact  constitute  six 
plate  modes  because  if  Cm  is  a  solution  of  equation 
(20)  then  -r,m  is  also  a  solution  (representing  the 
same  mode  propagating  or  evanescent  in  the  opposite 
xj  -d i roc t ion) .  A  linear  combination  ol  those  six 

modes  can  be  made  to  satisfy  equations  (22).  The 
coupled  node  solution  then  has  the  form, 

f*  fl 

u .  =  )  >  t.  h  a . 

i  ^  *- ,  m  mn  i  mn 

m» i  n= l 

expjViMVl  *  xmnx,’  *  f'xl)  +  jwt]  (2V 


Substituting  equation  (23)  into  equation  (22)  yields 
linear  equations  of  the  form. 


(> .  C 

jm  ra 


( 3  =»  l . b) 


(24) 


here  the 
4  and  oj. 
are  given 


elements  of  the  matrix  C  are  functions  of 
Non-trivial  solutions  to  equation  (24) 
by  combinations  of  4  and  u>  for  which. 


:G»  *  0 


(2b) 


zero,  including  only  the  TSl  and  Fl  plate  modes 
and  using  only  the  first  two  of  equation  (22), 
the  third  being  satisfied  identically.  In  this 
special  case  C  is  reduced  to  a  4x4  matrix  and 
the  frequencies  are  given  by  the  roots  of  equation 
(25)  using  this  reduced  form.  Typical  solutions 
for  an  unplated  bar  are  shown  in  Figure  4  as 
functions  of  the  width-to-thickness  ratio  of  the 
bar  1.  All  frequencies  \lQ  shown  are 

normalised  to  the  cut-off  frequency  of  the  TSl 
mode  of  the  infinite  plate  which  is  the  lowest 
root  of  equation  (20)  with  4  =  C  =  0.  T!  >  juartz 
constants  used  are  those  of  Ref.  5  and  the  angle 
of  the  plate  0  =  34.8°.  N  depicts  the  number  of 
half-cycles  of  the  flexural  mode  Fl  in  the  coupled 
mode.  The  solutions  shown  agree  well  with  other 
methods  of  analysis1*6.  Those  curves  marked  with 
an  asterisk  indicate  modes  which  are  known  to 
couple  to  face-shear  modes1.  For  miniature 
resonators  narrow  bars  are  desirable,  so  the 
modes  of  greatest  interest  are  the  4th  and  8th 
harmonic  flexural  modes  (N  =  4  and  N  =  8)  .  Here  we 
shall  concentrate  on  4th  harmonic  bars,  which  have 
an  aspect  ratio  L  of  approximately  3  for  frequencies 
close  to  that  of  the  infinite  plate. 


These  solutions  give  the  dispersion  of  the  guided 
modes  of  the  bar.  Re subs t i tut ing  the  values  of  C 
*nd  x  for  such  a  mode  into  any  five  of  equation 
(24)  yields  the  ratios  of  the  CTO  for  that  mode. 

The  solution  for  the  mode  pattern  is  then  given 

by 

u,(pl  =  I)  7  7  c  b  a. 

>■  p  n:,  pm  p“  ‘Pmn 

>-xp  I  -  jk.„  f  ♦  a  _x,  +  ♦  jwt  1  (26) 

*  l  J  o  v  pm  1  pirai  ?  P  3/  J 

where  r,p  is  one  solution  of  equation  (25)  for 
given  Dp  is  an  unknown  amplitude  constant, 

'pm  =  CP»  C1  “ 1 »  ancl  the  number  of  subscripts 
for  b,  a,  i  and  '  has  been  increased  to  indicate 
the  bar  mode  number  p,  the  plate  mode  number  m, 
and  the  continuum  mode  number  n. 

The  accuracy  of  the  approximation  to  the 
boundary  conditions  on  the  width  faces  implied 
by  equation  (22)  could  be  increased  by  taking 
additional  modes  to  satisfy  the  conditions  for 
the  higher  harmonic  Fourier  components.  However 
it  is  reasonable  to  assume  that  at  frequencies  of 
interest  such  modes  would  be  very  strongly 
attenuated  away  from  the  width  faces  and  therefore 
have  negligible  influence  on  the  solution. 

Similarly  we  may  assume  that  the  electrical 
boundary  condition  of  equation  (12)  can  be  ignored. 

Guided  Modes  in  AT- 2/  Quartz  Bars 

We  now  apply  the  analysis  of  the  proceeding 
sections  to  the  specific  case  of  a  bar  cut  from  an 
AT  plate  with  the  length  dimension  parallel  to  7.’ 
Ci.e.  the  coordinate  axis).  Initially  we  find 
the  frequencies  of  modes  which  are  uniform  in  X'<, 
that  is  the  untrapped  modes.  These  frequencies, 
which  are  essentially  the  cut-off  frequencies  of 
the  guided  modes,  are  found  by  putting  K  equal  to 


The  dispersion  characteristic  of  the  Nth 
harmonic  guided  mode  is  found  by  solving  equation 
(25)  for  r  at  normalised  frequencies  Q  above  and 
below  it.,  cut-off  frequency  Qq.  Typical  dispersion 
curves  for  four  different  values  of  L  are  shown  in 
Figure  5.  The  important  p^int  to  note  it  that  in 
all  cases  there  are  two  branches,  indicating  the 
existance  of  two  guided  modes  of  the  bar,  both  of 
which  are  a  linear  combination  of  the  TSl,  TS3  and 
Fl  plate  modes.  We  shall  call  these  the  Y  and  Z 
modes.  The  lengthwise  component  of  wave-number  of 
both  modes  is  cither  real  or  imaginary  above  the 
normalised  frequency  flc .  Below  i2c  the  two  modes 
are  complex  conjugates,  and  the  two  curves  shown 
in  this  frequency  range  are  the  real  and  imaginary 
components  of  the  wave-number  of  one  of  these.  The 
negatives  of  the  wave-numbers  shown  are  also 
solutions,  so  that  there  is  a  total  of  four  possible 
guided  modes  at  each  frequency.  The  main  cause  of 
the  strong  dependence  of  the  dispersion  on  aspect 
ratio  is  the  presence  of  the  TSl  mode  in  the 
solution.  Frequencies  of  interest  are  substantially 
below  the  infinite  plate  cut-off  frequency  of  this 
mode,  which  means  that  its  vibrational  energy 
decays  quite  sharply  in  the  Xi-direction  away  from 
the  width  faces.  However,  the  bar  is  so  narrow 
that  the  TS3  mode  can  still  have  an  influence  on 
both  faces  simultaneously  in  a  manner  that  depends 
strongly  on  the  aspect  ratio.  We  shall  consider 
the  significance  of  this  later.  The  solutions 
shown  in  Figure  5  are  for  unpLated  bars.  No 
significant  change  in  these  curves  is  found  when 
we  solve  for  the  plated  bar,  other  than  the 
expected  overall  downward  shift  in  frequency. 

This  shift  is  found  to  depend  linearly  on  mass¬ 
loading  u  for  practical  film  thickness,  mass¬ 
loading  being  defined  by. 


177 


Kqu.it  ions  (28)  then  simplify  to. 


Mu-  uUutrii.il  shorting  eltevl  o!  t  he  <*  Ire  t  rodcs 
.  ui'.s  i  Jr  rod  i  >n  its  own  produces  a  I  requcnry  lowering 

•  ■  i  j  1 1  [  v  1 1 1  tut  to  ,i  in.  iss"  1 1  Mil  i  ng  ot  about  0.002.  It 

t  ll-'Ws  tli.it  this  ultutrio.il  ulUut  should  not  be* 
iguoied,  'Unit-  rul.it  i  ve  I  v  Iaigc  changes  in  wavu- 
:iu!!i!'rr  .11?  occur  lor  tiit*  i or  respond i ug  small 
■  ii.rige  in  t  I  uquunu  V  . 

I  j  .nij-tu:  Mcuius  ot  tin  Rfsmiator 

Ihu  guided  modes  tit  .in  intinitu  b.ir  aru  now 
;m  .i  t  e  :..'lvu  tor  t  hu  trapped  modes  ot  t  hu  j  es«  Mia  t  or 
isitn:  mode -ma t uh i  ng.  theory*  analogous  1°  that  tor 
tin-  t.  rappud  t  h  i  oktu  ss- slu  ii  mode  ot  a  plat*  . 

!  irutlv  wu  define  thruu  legions,  t  hu  K  region, 

S  iv)’,  i .  *:i  ami  S  region  as  shown  in  Figure  b.  The 
-...lution  will  l>u  ilusi  r  i  iuul  hv  a  linear  summation 

•  t  in  guided  modes  detined  by  equation  (2b). 

Mausu  "  *  l  ut  i  oils  alreadv  satis*,  v  the  boundary 
..•mi  i  t  i  uns  on  t'.iuus  normal  to  x ;  ami  x  .  It 

t  ;i  -  j  ui  e  r  u  luma  ins  to  satiety  the  houmlary 
.  .  ml  i  t  i  *;is  on  fa«  *  s  normal  to  x.,  including  the 
:  n  1 1  t  !  a.. .  s  in  twuun  tin  thruu  regions.  In  normal 
um  r>;y- :  rapp  i  ng  tin-ory  mo.U*s  aru-  "trapped"  under 
t  • , «  j  ■*  because  tin*  rusonant  frequency  is 

i  r  : .  ut-u-tt  ■  ru«|in*n  v  •*:  tin  >;.nidud  modu  in 
r f  region  uni  in- low  tin*  iut-o|f  frequency  in 
r  hu  S  region*.  li.ru  tin*  situation  is  moru 
.  mpii>  ali‘u  !u  cause  additional  modes  aru  present, 
it  the  ha r  is  rigidly  mounted  at  both  ends  the 
bound. ir  v  .  .-ml  i  t  ions  are  : 


V  j  =  V‘A  =  0  at  xu 


P  t  ♦  l’  .  an*  eont  i  nuous  at  x  , 


are  eon  I  i  nuous  at  x  =  *  W.  /J  (12) 

•  x  j  ■  x  , 

Kquat  ion  f  JO)  is  satisfied  approximate  1  v  bv 
i  n<*  1  ml  i  ng  only  those  bar  modes  whieh  <juu.iv  towards 
tin*  ends  ot  the  bar  in  the  two  S  region".  •  ;  In* 

approximation  is  valid  il  tin-  length  <>i  u  nil  end 
region  is  significantly  greater  than  the  thiikness. 
Kquat  ion*;  (  31  )  and  (  12 )  may  he  s.ii  i  -fi.-d  bv 
in.  !  1 1  < !  i :  i  *.  *.  ill  lour  ’'<r  nodes  for  the  r  i'omoj.. 

Ihu  general  solution  m.iv  then  be  writti-u  as  t  hu 
sum  ot  modus  defined  in  equation  f.'hj.  1  rtus , 


p=:  m= !  n= 


fKJ  .  dd  <K) 
I*  e  h  a. 

,  P  pm  pmn  lpmn 


..  {.  <K) 

'■xprIk»i  x;  * 


pmn  ■  p 


~  (S  ).  I  s  )  IS  ) 
/  D  <•  b  a. 

L.  n_,  P  Pm  Pmn  i pmn 


..  (,  (S  ) 

exp<-)K  '  ,  > 

*  '  ’  -  pm 


(S">  r(S")  i 

t  x,«*  V  X.,  +  J  „t. 

omn  7  p  • 


X,  =  *  .  Ji  ! 


i  s  . 

out i nuous 

at 

X,  =  ' 

1  W  ■  .  /  2 

;  (i  =  l,J,  1) 

|  =  >.) 

i  s  . 

,  out i nuous 

at 

x  ,  - 

*  W../2 

J 

(28) 

'!  he  i*  leetrii.il  boundary  conditions  on  faces  normal 
to  x.  will  he  ignored.  To  satisfy  equations  (28) 
i . 1  all  x  i  and  X;  .it  each  face  would  require  an 
in!  ini  l  e  number  ot  inodes.  However  it  is  found 
that  t  hi  modes  already  described  give  a  sufficiently 
let  nr.iti-  solution.  Mi  is  simplification  is  possible 
lirstly  because  the  spatial  distribution  of  the 
vibration  patterns  in  the  Xj-x  plane  of  tin*  three 
plate  modes  are  nearly  constant  over  the 
frequencies  of  interest,  and  secondly  it  is  found 
that  the  ratio  of  amplitudes  of  the  I  SI  and  FI 
modes  is  also  nearly  const  tint  over  this  range. 
However  the  ratio  of  TS  1  to  the  other  two  modes 
varies  cons i dcrah I y .  For  the  first  two  modes  u» 
and  i  are  the  dominant  components  of  motion, 
while  for  the  TS 3  mi.nl e  u,  dominates.  I'sing  this 
information  the  boundary  conditions  may  In* 
simplified  by  defining  appropriate  Fourier 
components  of  vibration  amplitude.  Thus,  taking 
. . ml  of  the  symmetrv  of  t  hu  guided  modes, 

u  !  <  os  i  x  j  /  v.  i )  s  in  f  "x  - /  f ,  )  dx  jdxo 


u  ;  i  »  .  1  x ;  /  f  1 )  s  i  n  { r»  x,.  /  tf )  d  x  j  dx;. 


(S+) 
u . 


-  :  -  ;  D  ,(sbh(snai(sh 

p  =  7  m=  1  n-1  P  pm  pmi’  lpmrl 


Oil 

whore  the  superscripts  refer  to  the  appropriate 
region.  Substituting  equation  (33)  into  equations 
(11)  and  (32)  yields  linear  equations  of  the  form 

p 


F.  I)  =0  (j  =  1 . 8) 

*t  IP  P 


(  IV) 


where  l lie  elements  of  the  matrix  Y  are  functions  ot 
v.  Solutions  for  the  short-circuit  resonant 
frequencies  of  the  bar  are  then  found  by  solving. 


(  IS) 


The  ratios  of  Dp  are  found  by  resubstituting  for  ... 
in  any  7  of  equation  (3a).  Thin  gives  the  complete 
solution  for  the  particle  motion  associated  with 
each  mode  of  the  resonator  (except  for  an  unknown 
overall  amplitude  constant).  Typical  solutions  for 
l’l  and  U-}  for  the  first  three  modes  with  I.  -  2 .  S  ' 
and  W  *  20  are  shown  in  Figure  7.  R  is  the 
inharmonic  overtone  mode  number,  i.e.  the  numbi  r  ot 
ha  1 f -wave lengths  of  Iq  trapped  under  the  electrode. 
Note  that  i'j  and  t:  3  have  opposite  symmetry.  We 
would  not  expect  the  even-numbered  inharmonics  to 
be  excited  because  the  charge  associated  with  l: «. 
cancels  due  to  symmetry,  and  the  chargi  associated 
with  U  is  very  small  due  to  weak  p  i  ezoe  1  ec  1 1*  i  c 
coupling  to  t  li  i  s  component  .  The  damped  oscillation 


(29) 


in  the  S  ri'ftions  is  a  tairly  uni*. uni  liar  torm  of 
fiir  r  gv- 1  rapp  i  tig,  although  a  similar  solution  has 
born  obtained  recently  front  a  tvo-d inu*(\s ional 
anal  vs  is  c  f  tin-  w  i  d  t  h-ext  nis  i  •  >na  I  -mode  ceramic 
r  r s. ■!i,i  t . >r  ' .  Hu-  lengthwise  amplitude  distribution 

•f  measured  by  /aims  l  eg*  with  a  I aser -probe  does 
not  show  this  damped  os>'  i  I  1  a  t  i  on  .  Htiwcvi*r  this  is 
in  v  just*  thf  resonator  geometry  used  produces  near 
i  rilical  damping.  The  predicted  and  measured 

•  i  i  s  t  r  i  but  i  ctis  agree  well  as  shown  in  Figure  M  . 

,\  r  vpii.nl  spectrum  of  inharmonic  overtone  modes 
is  slii’wp,  tor  different  values  ot  mass  - 1  oad  i  ng  a 
r\!  I  i  xed  aspect  ratio  I.  in  Figure  9.  Frequettc  i  es 
-die-wu  ire  normalised  to  tin  .ut-off  frequency  in 
tin-  S  mg  ions.  !\>  ensure  that  only  tin*  t  undaiiiint  a  1 
mode  i.  K  -  I  >  is  t-xi  ited  it  is  el  ear  that  the  ratio 

•:  el  o.,  t  rode  length  to  crystal  thickness  must  he 
iiss  than  .i  o>i  tain  critical  value.  This  value  is 
a  junction  ot  hotli  I  ami  ..  .  Spurious  inharmonic 

•  rr.-m  modes  are  easier  to  control  in  this  type 
:  t  ■  >- -:i.i  t  ■  -r  than  the  conventional  Ai-cut  disc, 

-.  i  :a  c  in  tin  latter  it  is  possible  to  trap  more 

•  .  i : .  -m  h.i!:-vc  !  e  cl  vibration  in  any  direction 

:  he.  ;  ;  c!  tin  electrodes.  Here  We  need  only 

•:  •  !  n.-c  w :  t  trapping  in  the  direction. 

.  -  :  ..  -  ^ntrl  ot  spur  i  i  part  1  y  ae.  mint  s 

:  •  •  ,i  .  •  r  v  •  ir.  spectrum  observed1.  Figures 

•  -v  t  * .  •  -  predicted  vibration  patterns 
•  1  ;  ■  i  i  ii;i*  : :  r  a  1  m--n«  ot  a  typical  resonator 

.  on-s  rm.il  tc  1  ami  X  respectively.  In 
or.'.  ■!  n  the  two  centra!  diagrams  in  Figure  10 
.  a  *  -  predic  ted  in  two  nearly  co- 

.  .  ,  tc  '  p!  jtu'S  ,  lose  to  the  ele-ctrode  edge',  one* 

1  on  c  \:w.  vast  inside  the  F  region  and  the  other 
■  .  :  i  :  i  -  i  i »  the  S  region.  The  smooth  transition 

•  -  •  tin*  solutions  in  the  two  regions  is 

i  c  lemons  t  rat  ed  both  here  and  in  all  the 
: ;  a  i1  r  n-  i  n  Y  i  v.u re  1  t  . 


We  now  ret  el  hack  to  the  dispersion  curves 
shown  in  Figure  r>  .  lor  i  trapped  mod*  the  end 
sections  o  t  the  bar  are  **x<  i  led  at  a  t  re'pnuu  y 
below  n,  such  that  both  V  and  /.  modes  ■!<•<  ay  . 

The  overall  rate  ot  decay  « > t  the  trapped  mode  is 
proportional  to  the  smaller  ot  the  imaginary  parts 
ol  For  a  given  lowering  of  the  frequent  y,  tin- 

rate  of  decay  is  shown  to  vary  strongly  with 
width-t  o-thi  ckness  ratio  1..  This  implies  t  licit  U 
c  an  he  maximised  hy  appropriate  choice-  ol  I  ,  this 
ehoiee  being  influenced  by  both  electrode  length 
and  mass- load i ng  which  together  determine  the 
relationship  between  resonant  1 reqnency  and  cut¬ 
off  frequency. 

We  now  consider  how  t  lie  Q's  of  the  fundament  al 
and  inharmonic  overtone  modes  vary  with  electrode 
length  and  crystal  length.  Computed  values  arc- 
shown  for  a  particular  choice  of  !.  and  .  in  Figure 
1  t.  Clearly  there  are  optimum  values  of  electrode 
I engt h/crysta 1  thickness  W  and  these  generally 
occur  below  tin*  <ut-of!  electrode  length  for  the 
inharmonic  modes  (see  Figure  9). 

fhe  optimum  for  i  given  bar  length  arises 
be-  atise  a  short  electrode  implies  an  operating 
Ire  <|ue:i«  v  <  lose  to  cut-off  and  there!  ore  a  small 
at  t  enu.i  t  i ->n  cue  I  f  i  r  i  i-n  t  ,  and  a  long  -•  1  ec  t  r« -de 
h.i.'i  s  insufficient  ->pjc<  belweeti  the  e  1  ec  t  r> -d»  s 
ami  f:><  ends  •!  tin-  bar  to  achieve  nlequ.il  e  decay 
ot  tin  amp  I  i  t  uilt  .  Figure  1 4  shows  similar  curves 
tor  a  slight  I  \  liffeivnt  value  of  I..  As  can  be 
seen  by  -*npiring.  Figures  1  f  and  14  the  Q  has 
itn-r.-asel  .  ons  id.-rah  1  y  ,  illustrating  the  significant 
efte.  t  --t  the  change  in  dispersion  shown  in 
F igur«-  -.  Tin-  double  peak  in  Q  for  the  longer  bar 
result  -  t  t  '  :i«  •  interaction  of  the  V  and  7.  modes. 

I  he  or,{«  r  i:u  g.:- i  t  mb-  «*f  predicted  Q  shown  in 
F  igur«-  I*  a  g  i  e  i  -  -  v-  1  1  with  typical  measured 
a  1  •  i*  s  '  •  . 


A  number  .  t  different  phenomena  affect  the 
piaiitv  fa-  l->r  a)  of  i  fi-soiiaf  >r.  In  the  device 
-  si  *.  i  dt  r  .1  here  the  energy-trapping  ami  air-loading 
(fleets  are  tin  most  significant.  The  damping  due 

•  .  i  i  r  -  )  oad  j  in’  is  a  strong  effect  because  there  ire 
iatgi  'mpofn-n  t  or  vibration  normal  tc  tin  surfaces 
i-.ee  ri gates  l‘>  md  11*.  lvpic.illv  evacuation  "t 
the  cii'l"cifv  in-  reuses  l)  by  an  order  of  magnitude 

f  r  tii  do.oovj  t...  :5t)i>fi)t)i) .  However,  achieving  such 
i  hi  •  ii  value  a  i  so  requires  efficient  trapping  of 

•  cd«-  under  t.iie  elc-  l  rode  .  Figure  12  shows 
In-ma  f  i .  a  1  1  y  h-»w  an  estimate  d  Q  <  cons  i  der  i  ng 

-  set gy-t rapping  alone)  an  be  made.  lhe  kinetic 
.  n.-rgy  stored  in  a  res-uia  t ->r  of  infinite  length  is 


;  un-l  dv  inti-giation  .-vet  t  lie  rang*'  -  -  :i(  •  1  , 

i  r :  this  is  subdivided  into  the  energy  stored  in 
r  •’*  u  t  ;n‘  r  i-S''r.at<'r  ,  anu  t  !,*•  renwiinder  which  mav 
i .  ■  r  e,»a  r-led  as  tin  -un-rgy  absorbed  at  the  mountings. 
,i  i  s  the  rati-  --t  energy  itore-l  to  I'm-rgy  l--st  .  It 
sn  .Id  be  nude  r  s  t  -  ,o-l  that  this  approach  merely 
p r  -vide-  i  rough  estimate  >t  g  situv  in  practice 
n  -t  all  -  uergv  it  file  phvsi-al  ends  of  the 
re  -  -n.it  r  is  absorbed.  Nevertheless,  such  a 


i  i  i  I  a  t  i  i  .11  provides  a 
’ i e  *  tier  g  .  I  r.ipn  i  ng  i  n 


ns*  f»il  metlh"!  of  <omparing 
-lilt  --I -I.- nt  des  i  gas  . 


Fn-quein  y- Ih-mpe  i  itutu  performance 

Figuie  I  i  shows  typical  theoretical  and 
experimental  values  -»t  first-order  temperature 
-oelficient  t  as  a  function  o!  I..  Measured  values 
are  taken  f  r-»m  Kef.  1.  Solid  curves  show  predicted 
values  for  tin  unt  ruppcU  mode  of  an  tinplated  bar 
using  Mason’s  eons  t  an  t  s  ' .  Tin  overall  shape*  ot 
each  curve  is  parabolic  and  displaced  by  about 

IS  pptn/l’(  tor  iM-ii  0.1°  change  in  .  The  effect 
of  plating  the  bar  to  a  mass- 1 oad i ng  of  l”  is  to 
produce  a  similar  shift  equivalent  to  about  4 
minutes  of  arc.  The  effect  of  trapping  on  these 
curves  is  not  considered  here,  but  nevertheless 
good  agreement  with  experiment  is  shown.  Agreement 
using  Bechmann's  constants  (dashed  curve  1  is  less 
good,  the  different*  between  the  two  sets  of  data 
being  equivalent  to  some  23  minutes  of  an  . 

Similar  agreement  between  experiment  and 
theory  using  Mason’s  constants  has  also  been 
obtained  for  the  Hth  harmonic  flexural  mode, 
lhe  important  conclusion  from  figure  I  r'  is  that 
angle  '*  md  nominal  aspect  rati*’  i  can  be  optimised 
t.-  give  only  second  order  errors  in  temperature 
-  o.-t  f  i  <  i  e  nt  for  first  order  errors  in  dimensional 


1  /  < 


uff»- v-  '  -'SS 


ratio.  Munut  acturing  t  olerance  van  then  ho  rolaxi'd. 
A  typii  .il  sot  of  computed  t  requenc  vtemper.it tire 
i  in  vos  tor  near-optimum  oonditions  is  shown  in 
Figure  16.  Those  oonlirm  that  the  sooond-ordor 
variation  of  t roquono y-stab i I i t y  with  lirst-ordor 
error  in  I  appl ios  ovor  a  wide  tomporaturo  range, 
and  also  that  it  is  possible  to  achieve  very  high 
t  requeue v  stability  at  the  hotter  end  of  the  range. 
Total  variation  ot  no  more  than  l  ppm  between  25° 
and  lOO°  is  possible,  comparing  favourably  with 
the  temperature  performance  of  the  SC-cut 
resonator'  .  These  predictions  are  broadly 
■ontirmod  bv  experiment11  as  shown  in  Figure  17. 


C  (in  p  F ) 
o 


*  A  (in  cm'’)  .  t  (in  MHz) 
o 


(41) 


CN  R  (in  fF)  =  *  RA(in  cm'  ) .  i  (in  MHz)  (42) 

where  A  and  f  are  electrode  area  and  resonant 
frequency.  Typical  values  of  r()  and  versus 

normalised  electrode  length  W  are  shown  in  Figure 
19  for  two  values  of  and  fixed  I..  For  this 
aspect  ratio  it  can  he  seen  that  the  important 
capacitance  ratio  C0/C^  >  lias  a  minimum  value  of 
about  26  3.  This  is  somewhat  higher  than  the  ratio 
for  AT-cut  thickness-shear  mode  resonators. 


Kqu i va 1 e n t  (  i rcuit  Fa r a me t ers 

We  now  consider  the  description  of  the 
resonator  in  terms  of  its  equivalent  circuit 
parameters.  The  normal  form  of  circuit  is  shown 
in  Figure  18.  C  is  the  capacitance  at  infinite 
frequency,  and  (\>  R  y  and  R«*j  R  are  the  motional 
capacitance,  motional  inductance  and  equivalent 
series  resistance  of  the  Rth  inharmonic  overtone 
of  the  Nth  flexural  mode.  The  static  or  I).C. 
vapacitince  is  given  by 


Figure  20  shows  a  comparison  of  the  predicted 
and  measured1  motional  capacitances  of  2nd,  4th, 

6th  and  8th  harmonic  flexural  mode  resonators  as 
functions  of  aspect  ratio.  Agreement  is  generally 
good,  and  the  small  discrepancy  could  be  accounted 
for  by  the  fact  that  the  resonator  blanks  were 
etched  after  measuring  the  dimensions,  thus 
slightly  changing  the  ratio  of  width  to  thickness. 
Maximum  motional  capacitance  occurs  for  values  of 
L  at  which  the  resonant  frequency  is  close  to  that 
of  the  infinite  plate. 


C  =  i: 
o 


N,R 


(36) 


where  t he  last  terra  represents  the  additional 
branches  corresponding  to  other  types  of  spurious 
mode  . 


Neglecting  the  fringing  effect,  an 
approximate  value  for  static  capacitance  is 
given  by 


(. 

o 


(37) 


The  motional  capacitance  ot  the  v.Kth  mode  is 
given  by  a  generalised  form  of  an  ext*-,ssion 
derived  by  K*.- illy  from  the  theory  of  l.loyd1'. 

Thus, 

1  x  l^C  l)l:x  , /2dX  1  dx  i 

( .  i  ~  •  ;  /  2  -  W » c  /  2  _ _ 

N,h  .  •  i\  1  ‘  2  ?  v _ 

N.K  ,*  i  f  .  ;  d] 

a  |  ♦  u  .  ♦  u  ?  j  j  dx  )  dxpdx  ^ 

“2  (38) 

wh»*re  R  is  the  angular  trequency  The  other 

parameters,  if  required,  may  he  f  mjini  from 


N,R 


N.K 


N.K  N ,  K 
“N_,  rJ'N  ,  R 

%,R 


(  19) 


(40) 


Conrlusions 


A  new  three-dimensional  theory  of  rectangular 
bar  resonators  has  been  developed.  This  has  been 
shown  to  give  good  agreement  with  experiment  for 
frequency,  motional  capacitance,  frequency- 
temperature  behaviour  and  energy-trapping.  It  has 
also  been  shown  that  the  theory  can  be  used  to 
design  the  physical  dimensions  of  the  resonator 
and  its  electrodes  such  that  one  or  more  of  its 
electrical  parameters  is  optimised.  In  particular 
the  values  of  width-to-thi ckness  of  the  bar  for 
maximum  energy-trapping,  minimum  capacitance  ratio 
C0/C„  j  and  minimum  sensitivity  of  the  frequency- 
stabifity  to  dimensional  errors  are  approximately 
equal.  A  compromise  design  with  near-optimum 
performance  of  many  of  its  parameters  is  therefore 
possible  using  the  type  of  simple  rectangular 
resonator  described. 
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foctor  ti  q  -  factor 


o 


g  13  Quality  factors  of  fundamental  and 

first  spurious  mode  (L  *  2.85,  p* 00075) 


34.8*  Zumsteg  experiments 

p  =  0  \  Mason’s 

p  =  0.01 J  constants 


Fig.  15  First -order  temperature  coefficient 
a  at  25 *C  . 


Fig  14  Quality  factors  of  fundamental  and 

first  spurious  mode  (  L  ■  3.125,  p»0.0075 ) 


Temperature  T  (*C) 

Fig  16  Freauency  -  temperature  characteristics  - 
6  =  34.8*  ,  p  *  0.01 
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1.0 


L  ■  2  975 


Temperature  T  (*C) 


Fig.  19  Capacitance  constants  for  L  *  2.85 

Fig. 17  Measured  frequency -temperature 
characteristics  -  0  =  34.8*. 


Fig  18  Electrical  equivalent  circuit 
of  bar  resonator  . 
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SUMMARY 


A  very  siiqple  theoretical  model  is  proposed 
for  an  AT  Cut  rectangular  plate  and  nevertheless 
gives  a  very  correct  account  of  experimental  results. 
Avantagea  of  the  model  are  obvious.  In  particular, 
the  model  yields  resonant  frequencies,  vibration 
modes,  quality  factors.  Also  it  is  very  suitable 
for  further  studies  of  particular  non  linear  phe¬ 
nomena.  Model  pattern  habe  been  experimentally  ob¬ 
tained  by  X-ray  topography  and  show  a  good  agree¬ 
ment  with  theory. 


3/  Under  these  circunstances  the  dominant 
deformation,  i.e  displacement  gradient,  is  u(  be¬ 
cause  :  * 

i)  the  wawe-numbers  along  the  plate  are  much 
smaller  then  the  thickness  number, 

ii)  the  other  mechanical  displacements  are 
much  smaller  than  Uj  displacement. 


>>  u2 >  uj 

u.  ,  »  u.  , ,  u.  , 
i,2  1,1  i,3 


i  -  1.2,3 


A  comma  followed  by  an  index  denotes  differentiation 
with  respect  to  the  reference  coordinates. 


INTRODUCTION 


A  very  simple  model  for  the  description  of 
thin  rectangular  quartz  plate's  vibrations  is  given. 
The  proposed  solution  is  reliable  and  simple.  This 
model  yields  analytical  expressions  for  frequencies 
and  modal  patterns  of  eigenmodes.  It  will  be  used 
for  further  linear  and  non-linear  investigations. 
Under  some  assu^itions,  we  obtain  a  two  equations 
system  which  gives  the  components  u.  and  u^  of  the 
mechanical  displacement  as  fonctions  of  the  three 
spatial  coordinates. 


ASSUMPTIONS 


Some  usual  assumptions  are  made  : 

1/  The  Piezoelectric  coupling,  small  in 
quartz  will  be  neglected  :  resonator  vibrations  are 
essentially  elastic.  Piezoelectricity  appears  as  an 
excitation  or  detection  mean. 

2/  This  thickness  shear  resonator  is  a  rec¬ 
tangular  AT  Cut  plate,  the  thickness  of  which  (2b) 
is  small  compared  to  the  length  (2a)  and  the  width 
(2c). 


A/  Though  the  lapping  has  been  performed  in 
such  a  way  to  get  a  plate  as  plane  as  possible,  some 
convexity  will  still  subsist  ;  therefore,  the  ener¬ 
gy  will  be  trapped.  This  volume  phenomenon  will  be 
taken  into  account  by  boundary  conditions  ;  i.e  ins¬ 
tead  of  vritting  that  the  plate  is  slightly  convex 
while  the  boundary  is  free,  the  choosen  phenomeno¬ 
logical  model  will  be  a  plane  plate  with  a  zero  dis¬ 
placement  Uj  at  the  boundary  : 

u,  (±  a)  -  0 

u |  (±  c)  -  0 

5/  The  resonator  is  clamped  on  the  faces 
Xj  *  ±  c  such  that  u2  (±  c)  -  0. 

FREE  UNDAMPED  MODEL 


Uith  these  assumptions  we  can  write  the 
stresses  : 

Tll  _  cll  ul,t  +  c12  u2,2 
T22  "  CI2  u|,l  +  C22  u2,2 
T13  ■  C55  Ul ,3 

TI2  '  C66  <U1 ,2  +  U2.1> 

And  constitutive  equations  : 

T 
T 


11,1 

+  TI2,2 

12,1 

+  T22,2 

+  T 1 3 , 3  '  Pu| 

-pa. 


0) 


(2) 
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or 

Cllul,ll+C66u1,22+C55ul,33+<CI2+C66)u2.l2  *  p  “l 

<3) 

(c66+c12)ul.12+t66u2.ll+c22u2,22  “  p  S2 

these  equations  admit  the  following  particular  so¬ 
lutions  : 


Uj  -  A  cos  sin  nx2  cos  E*j  cos  bit 
u2  -  B  sin  CXj  cos  r|x2  cos  Exj  cos  cut 


(«) 


Substituting  the  u.,  u^  expressions  in  equations 
(3)  we  obtain  the  dispersion  relation  : 


lispersion 

(CI  l?2+c66n^55e2_P“2)  (c66i;Z+C22n2_P“2) 

'  <c.2*cf.6>  "  ?  -° 


(5) 


Boundary  conditions  : 

The  two  second  order  differential  equations 
system  implies  two  boundary  conditions  on  each  face 
of  the  quartz. 

1)  faces  Xj  ■  ±  a 

Uj  ■  0  (from  H^) 

and  TI2  *  c66  (ul,2  +  tt2,l)  “  0 

then  ?  “  B  ^a  m  odd  (6) 

2)  faces  •  ±  c 

From  H,  and  Hc  it  follows  that 
4  5 

Uj  (±c)  ■  0 
u2  (±c)  -  0 

then  5  “  P  2^  P  odd  (7) 

3)  faces  x^  -  ±b 
they  are  free  so  : 

T.2  '  C66  (ul,2  +  “2.1’  *  0  (8) 

T22  "  CI2  U!,2  +  c22  U2, 1  “  0 

from  relations  (8) ,  it  appears  that  two  wawe  num¬ 
bers2  n..  n2  »te  needed  in  order  to  satisfy  the 
boundary  conditions.  Solutions  of  the  differential 
equations  (3)  are  now  in  the  form  : 


-  6  i- 

nl 

n2 

:  '  c* 


where  :  B*  - 


(e12fc66) 

(c22_c66) 


(II) 


(12) 


equations  (II)  and  (9)  yield  : 
_2 


c66  <V8  ^  AlC0ir1lb+V6|(1  -  ()3) 

(C|2+c2^CA|8inriib+(c|2C-  c22*A2,inn2b  -  0 


from  (10)  we  note  that  ru  “  n, 

L  1  C 

Since  we  are  in  the  vicinity  of  a  thickness  shear 
mode  we  take  : 


66 

22 


(14) 


*  .  iw  *  e 

nl  2b  *  b 


n  odd 


(15) 


with  some  approximations  equations  (13),  (14),  (IS) 
give  : 

2  (c12+c228)(.-B) 

e  «  -  ■*»  .  - - ■  cotg  — 


66 


'I 


(16) 


22 


then  : 


(-D 


n+1 

~r 


(cI2_Bc22)t 


/c66c22  nl  ,in  V  i. 


(17) 


22 


from  equations  (17),  (3),  we  g£fain  : 
P“2  “  c66r)l+c55e2+lcll  + 


2  _2,  r2. 1  .  ^>^CI2  Bc22) 


/  ,  ,1/2  .  66_  . 

(C66+CI2>  ,l”  ^.b 


■4e2o® 


If  we  only  consider  thickness  shear  vibrations,  we 
can  neglect  the  compression  term  and  then  : 

u(  ■  A | cos  CX|SinT|)x2cos  cos  bit 
u2  ■  BjSin  Cx)cosr||x2cos  tXj  cos  ut 

N.B.: 

These  solutions  are  particular  solutions,  for 
example  Uj>AjSinE|X.sinri|X2sin  Ex.  cos  bit  is  an 
other  solution,  consequently  in  the  expression  of 
u>  the  integer  m  and  p  can  be  taken  odd  or  even. 


FREE  DAMPED  MODEL 


u(  «  (AIsinn|X2+A2sinn2x2)  cosCXjCosEx^cosbit 
u2  »  (B|COSn|X2+B2co*rVc2^  sinJXjCosEXjCosblt 


(9) 


Since  u  is  in  the  vicinity  of  thickness  shear  fre¬ 
quency  and  since  the  wawe  numbers  along  the  plate 
4  and  E  ere  small  equation  (5)  gives  the  approxima¬ 
ted  values  : 


n2-*L 

C6f 

from  relatio^ 


(3)  we  have 


(10) 


3 

We  assume  that  the  boundary  conditions  are 
not  perturbated  by  damping  and  we  only  keep  the  part 
of  the  solutions  which  describe  thickness  shear  vi¬ 
brations  then  we  look  for  dasped  solutions  of  the 
following  type  : 

u.  »  (A.1  cosftt+A2sinftt)e  *tsinn1x,cosCx.cosEx, 

2  -St  (20) 

u2  •  (Bjco8ftt+B(sinftt)e  cosriiXjSinCx^osEXj 

where,  as  in  an  unidimensionnal  free  damped  oscilla¬ 
tor  ft  is  obtained  under  the  form  : 

ft2  •  u2  -  62  (21) 


188 


J 


t 


w  is  an  eigenf requencie  of  the  undamped  model  and  6 
is  the  damping  factor.  Expanding  the  solutions  (20) 
in  the  new  constitutive  equations  : 


C1 lul , ! I+C66ul ,22+r66ul ,22+c55Ul ,33+(cI2+c66)u2, I2+ 


+r66u 1,12  ’  PU1 


(22) 


(c12+c66)ul,12+r66u|, 12+c66u2, I l+C22U2,22+r66U2, 1 l" 

0  u„ 


we  obtain  the  algebric  system  : 


I 


-R. 


(23) 


In  order  to  avoid  the  trivial  solution  6  must  be  a 
zero  of  the  matrix-determinant.  Taking  into  account 
the  smalness  of  <5,  'hit?  polynomial  equation  may  be 
simplified  ; 

N  <52  -  2  r66  6P  +  M  -  0  (24) 


6  is  obtained  as  a  function  of  the  elastic  coeffi¬ 
cients  of  r&6  and  of  the  three  integers  n,m,p.  So 
we  have  an  indication  of  theoretical  value  of  the 
Q-factor. 


(we  have  a  #c)  then  consider  : 

I  2  „  it  .  2ir  .  2n  u 
Vul  ^  C0B  31  XI sln2a  V8in25*lCOS  2a  x3 

uj+u^  n,  2sin  2-  (X|+Xj)cos  jg  (x,-x3) 

We  obtain  nodal  lines  for  ^-(Xj+Xj)”  ks 
if  k  -  0  ,  x,  -  -  x3  . 

So  consider  : 

1  2  „  it  .2it  .2ti  a 

u.-u.  n.  cos  —  x.sin  — x,-srn —  x.  cos  —  x 

1  2a  1  2a  3  2a  2a  J 

2s  in  —  (x.-XjJcos  —  (xj+x^) 

4a  4a 

Here  nodal  line  is  x^  «  Xj . 

The  theoretical  nodal  lines  were  x^  »  0  in  the  first 
case  and  X|  *  O  in  the  second  case. 

Then  the  interaction  between  (0,9,1)  and  (1,9,0) 
modes  yields  a  rotation  of  the  nodal  lines. 

Second  example  : 

Mode  (0,9,2)  and  mode  (1,9,1). 

If  we  superpose  these  modes  : 


Theoretical  nodal  lines  passes  by  A  (0,y) . 


EXPERIMENTAL  RESULTS 

Some  experiments  have  been  made  in  the  Labo- 
ratoire  de  Chronometrie  et  Piezoelectricite  de 
Besanqon,  with  an  AT  Cut  rectangular  quartz  plate 
(2a  »  14,5  ran  ;  2b  «  0,6278  ran  ;  2c  “  14  ran).  This 
resonator  has  quasi  symmetrical  electrodes  ;  we  put 
this  plate  in  an  X-ray  beam.  Natural  mechanical  and 
electric  vibrations  frequencies  are  measured  expe¬ 
rimentally  using  the  devices  illustrated  in  figu¬ 
re  X  .  Topographs  are  made  in  order  to  obtain  the 
main  modes.  Figure  TT  shows  overtone  9  spectrum  with 
various  topographs.  Measured  frequencies  show  a  good 
agreement  with  theoretical  calculated  frequencies 
(figure  XT).  We  note  that  the  mechanical  spectrum 
exhibits  resonance  modes  with  m  odd  or  even,  p  odd 
or  even.  We  also  note  that  some  nodal  lines  are  dis¬ 
corded.  We  are  going  to  explain  this  by  a  coupling 

between  two  close  resonance  frequencies. 

For  example  : 

Take  (0,9,1)  and  (1,9,0)  modes,  they  are  described 
by  : 

1  , 1  .  9n  ir  2tt 

u(  -  A  sin  jg  x^coa  jg  x(sin  jg  x^  cos  wt 

2  .2  .  9n  .  2u  s 

u(  ■  A  sin  sin  -jg  XjCos  -jg  x^  cos  wt 

uj  et  u^  are  eigenmodes. 


At  the  vicinity  of  A  Xj  •  y j 

x3  ’  T  +  y3 

I  2  |  r  ,  TI  .  3lT  I 

u,  ♦  u,  *  I  ■'3  ^  7,  - 

tnen  nodal  line  is  in  the  neighbrough  of  the 
straight  line  : 

3y3  -  /3  yf  -  0 

the  same  study  at  the  point  (0,-  j)  gives  : 

-  3  y3  ♦  /3  y,  -  0 

the  influence  of  (1,9,1)  mode  on  (0.,9,2)  mode  im¬ 
plies  the  rotation  of  real  nodal  lines  versus  theo¬ 
retical  nodal  lines. 

CONCLUSION 

The  analysis  presented  in  this  paper  makes 
possible  the  calculations  of  resonant  frequencies 
and  displacements  of  thickness  modaB  in  a  rectangu¬ 
lar  plate.  Calculated  frequencies  are  compared  with 
experimental  frequencies.  Topographs  of  displacement 
show  a  rotation  of  nodal  lines  which  was  explained 
by  a  coupling  between  natural  frequencies. 

The  obtained  accuracy  is  good  enough  for  a 
practical  use  in  a  future  non  linear  study. 
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Summary 


A  second-order  theory  governing  approximately 
the  symmetric  flexural  vibrations  (or  deflection) 
in  crystal  plates  is  derived  from  the  Cauchy  two- 
dimensional  flexural  theory  of  elastic,  anisotropic 
plates. 

Close  form  solutions  of  the  second-order 
equations  of  flexure  are  obtained  for  rectangular 
cantilever  plates  subject  to:  (a)  a  uniformly 
distributed  shear  load  along  the  edge  parallel  to 
the  clamped  edge,  and  (B)  a  uniformly  distributed 
load  over  the  entire  plate. 

For  load  case  (A),  two-dimensional  displace¬ 
ment  and  stresses  are  computed  and  plotted  along 
the  x-|  and  X3  axes  of  AT-cut  plates  of  quartz 
for  various  values  of  azimuth  angle  41  .  As  for 
load  case  (B),  the  solution  is  employed  to  compute 
the  displacement  and  stresses  in  isotropic,  elastic 
plates  so  that  the  present  results  are  compared,  in 
tabulated  form,  with  existing  results  by  other 
analytic  and  numerical  methods. 


Introduction 


Bending  of  rectangular  cantilever  plates  of 
Isotropic  elastic  materials  under  transverse  load¬ 
ing  still  remains  as  one  of  the  very  important  and 
very  difficult  problems  in  the  theory  of  elasticity. 
Many  approximate  methods  have  been  employed  to  ob¬ 
tain  two-dimensional  distributions  of  stresses  and 
displacement  as  the  solutions  of  the  Lagrange- 
Germain  equation  of  flexure  of  elastic  plates.  Nash 
had  analyzed  the  problem  with  three  different  ap¬ 
proximate  methods,  l.e.  finite-difference  and  two 
collocation  methods.*  Chang,  by  the  concept  of 
generalized  simply  supported  edge  and  method  of 
superposition,  solved  the  problem  in  terms  of  a 
series  of  infinite  simultaneous  equations,  and  had 
Included  results  by  L.T.  Uu  from  finite  element 
method  for  comparison. 2  Many  related  works  to 
this  problem  can  be  found  from  the  references  of 
these  two  papers. 

In  contrast,  solutions  of  similar  problems 
for  anisotropic  plates  are  scarce,  and  they  are 
needed  for  studying  the  effect  of  transverse  load¬ 
ing  and  acceleration  on  the  resonant  frequencies  of 
crystal  plates.3 

In  order  to  check  the  accuracy  of  the  present 
solution,  displacement  and  bending  stress  are 


computed  for  Isotropic  plates  and  are  compared  with 
those  obtained  by  Nash,l  Wu  and  Chang. 2  Results 
listed  in  Tables  I-IV  show  that  predictions  by  se¬ 
veral  different  methods  all  agree  with  each  other 
within  a  small  range.  However,  we  would  like  to 
note  that  our  present  approach  leads  to  analytical 
solutions  in  close  form. 


Cauchy's  Two-Dimensional  Flexural  Theory 


Let  a  rectangular  plate,  which  has  a  length 
2a,  thickness  2b,  and  width  2c,  be  referred  to  as 
the  rectangular  coordinate  system  ( x . )  and  its 
middle  plane  coincides  with  the  x-jX-j1  plane.  The 

azimuth  angle  ip  ,  shown  in  Fig.  1,  is  the  angle 
between  the  x^  axis  of  the  plate  and  the  xj 

axis  of  the  crystal.  In  a  rotated  Y-cut  plate,  we 
may  choose  the  diagonal  axis  of  quartz  as  the  xj 
axis.  Referred  to  the  x.  system,  Cauchy's  stress 
equation  of  flexural  vibrations  of  crystal  plates 
can  be  written  as 


Tl(!!l  +  2  Ts!  1 3  +  TM3  +  q  '  2bp  U<°> 


(1) 


where  tP^,  tP^  are  the  bending  couples,  tP^ 

J  (0)  5 
twisting  couple,  ui  '  the  deflection  or  displace¬ 
ment  of  the  plate  *1n  the  direction,  q  the 

appliec  loading  intensity  (force  per  unit  surface 
area)  in  x-  direction,  and  p  the  mass  density 
of  the  crystal. 


The  stress  couples  are  related  to  the  trans- 

r(0) 

'6 


verse  shear  stress  resultants  T*u'  and  by 


T<0>  .  T0)+Td) 

'6  *1,1  '5,3  * 

t(0)  .  T(l)  +  T(l) 

4  '5,1  +  T3,3  • 


(2) 


For  anisotropic  materials,  the  couple-displace¬ 
ment  relations  are 
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T<v*  -«•  , 


t(D  -  2b!  #v  u(0)  +  y  u(0)  +  2y  u(0)  , 

T1  - T  (Y11U2,1I  y13u2,33  ‘;y15u2,13; 

T0)  -  .  2b!  (v  u(0)  +  V  u(0)  +  2y  u(0)  )  (3) 

T3  '  7T  lY31  2,11  y33u2,33  2y35u2,13;  1  1 

T51)  =  ‘  (yS1u2,11  +  y53u2,33  +  2y55u2,13^ 

where  ,  .j  are  the  elastic  material  constants. 
Inserting  (3)  into  (1),  we  obtain 

Y1  lu2 J 1 1 1  +  4>  1 5U2?1 1 13  *  2(y13  *  y55^  u2J133  + 

+  4v  u<°)  +  v  u(0) 

4y35u2,1333  y31U2,3333 


(1)  t{1}  or  u<°j  and  t£0)  +  t['J  or  u£° 
be  specified  at  x,  -  +  a  . 


(2)  or  ug  and  lj0)  +  >  or  u< 

be  specified  at  x3  =  +  c  . 


One-Dimensional  Equations  for  Flexure 

In  order  to  replace  approximately  the  two- 
dimensional  equations  (1)  -  (4)  by  a  system  of  one- 
dimensional  equations,  we  expand  displacement  in  a 
series  of  characteristic  functions  4 


U^VXj.t) 


£  4n)(xrt)  4  (x  ), 
n=0  3 


which  is  the  displacement  equation  of  flexural 
vibration  of  crystal  plates. 

For  isotropic,  elastic  materials,  Y^  can  be 
expressed  in  terms  of  the  Young's  modulus  t  and  the 
Poisson's  ratio  v  by  the  relations 


Y11  =  y33  =  7~T  ’  Y1 3  =  777 E  * 


v55  =  ^7  ’  y13  =  y35  °  0  • 


Hence, (3)  are  reduced  to 

4"  -  -  *4%  + 

4''  ■  -d<4V  4%>  (r> 

T50)  ‘  -  4!l3 

and  the  displacement  equation  of  motion  (4)  becomes 
D  V4  u<°>  +  2 bp  U<°)  =  q  (4') 

3 

2b'J  £ 

for  isotropic  plates,  where  D  =  -j-  — ?jr  an(* 

1  -v 

„4  a4  a4  a4 

v  =  —  +  2  — * — i  +  —j  • 

-3x^  3x^ 


d>0  ■  1  ,  (!>,  =  /3n  ,  (n=  x3/c) 

cos(y-  ♦  kfl  n  )  cosh(^  +  i  kn  n  ) 
cos(^  +\n)  cosh(^  +  ikp) 


and  k  satisfies  the  trancendental  equations 
n 


tan  k  =  +  tanh  k 
n  —  n 


The  characteristic  functions  4n(x3)  are  the  one¬ 
dimensional  modes  of  (4)  or  (4‘)  when  the  displace¬ 
ment  40)  is  dependent  on  x^  and  t  only;  the 

transcendental  equation  (8)  is  resulted  from  the 
traction-free  conditions  imposed  on  the  edges 

x3  =  +  c,  i.e.  tJ’>  *  T^  =0  at  x3  =  +  c  (or 

n  *  +  1).  4  also  satisfies  the  orthogonality 

condTtion 


4  4  dn  *  2  6 

Vn  mn 


The  variational  stress  equation  of  motion 
corresponding  to  (1)  is 


On  the  edges  of  the  plate,  we  require  that: 
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(Td)  +  2  T(l)  +  Td)  + 

ul,ll  '5,13  '3,33 


+  q  -2bp  dA  dt  =  0  . 


M{m)  .  2bJ  .2  .4  (m) 

M3  "  ‘  ~T  y33  km  v2 


'31  !■  Em"nv2J 1  +c  Y35  *>■  Em"n,v2J)  ’ 


By  substituting  (6)  into  (10),  replacing  dA  by 
cdxi  dn  ,  integrating  by  parts  over  n  =  -l  to 
n  =  +  1  ,  and  requiring  that  the  final  integral  be 
independent  of  any  arbitrary  variation 

6v^n^  ,  we  obtain  the  nth-order  stress  equation 
of  motion 


u ( n )  2  M(n)  .  1  M(n)  (n)  v(n)  .  ..  ..(n) 

Ml,ll  ’  7M5,1  +  ~7M3  +  <  +  V  -  4bpv2  * 


Emn‘  =  1,  Vn  dri  - 

Emn“  =  [,  Vn  dn  ’ 

Em'n'  [/>ndrt*  etc‘ 
o  e 

I  =  £  .  £■  £ 

m+n-odd  m+n=even 


Tl')  ^n 


4n)  =  J1  Tsn)  K 

^  *  [’  T3B)  K  ^ 

q<n)  =  j  q  *n  dn 


q  (j>n  dn 


/")  .  [1  (i<°> 


and  $'  *  3<j>/3n  .  n=0,l,2,...  .  We  note  that  V'n; 

(0)  (1) 

is  determined  by  the  applied  shear  T1  +TA  1  and 

( 1 )  ’  •*  ’ 1 

the  applied  bending  couple  Ti  on  the  edges  Xj  = 

+  c  .  Therefore,  for  traction- free  edges  at  x,  = 

+  c,  V<n>  =  0.  d 

The  one-dimensional  couple-displacement 
relations  are  obtained  by  inserting  (6)  into  (3) 
and  then,  in  turn,  into  (12).  Thus 


(2y  v(m)  +2  ye  v(h) 
' ‘Y i 1 v2 , 1 1  c  r55  £  Emn ' v2,l 


+  '  y  f  r  v(nJ  1 
7  13  *'tmn"v2  J  ’ 


.  2^  (  °  c  v(n) 

VY5l2-  Vnv2,ll 


2  y  E  y(n)+'v  ?p  v(n)j 

c  '55  lEm'n'  2,1  T  Y53  £  Em'n"  2 


We  note  that  =  0  ,  =m!^  *  0  due  to 

=  C  and  <J)q  =  ijij1  =  0  .  The  values  of  the 
integration  constants  Emr)i  etc.  in  (14)  and 
the  values  of  ,  roots  of  (8),  have  been 

studied  in  detail  and  numerical  values  are  com¬ 
puted  and  tabulated.4  These  values  are  inde¬ 
pendent  of  material  properties  of  the  plate. 

Upon  substituting  (13)  into  (1),  we  obtain  the 
one-dimensional  displacement  equations  of  flexural 
motion 

Y 1 1  v2Tl  1 1 1  *c  Y15^(Emn'  '  Em'n)v2Jll 
+  ~Z  S[Y13(Emn"+Em"n)  ‘4  Y55Em' n' ]v2 J 1 

+  ^  y  (F  -  E  )>>  +-L  V  k4v^m^ 

71  35  **  '  Em"n‘  Em'n"'v2,l  17  Y33mv2 


♦  \  v'm)  =  (q(m>  +  V(m))  ; 

b  4b 


m=0,l ,2,. 


Equations  (11),  (13)  and  (15)  form  an  infinite 
system  of  one-dimentional  equations  to  formally 
replace  the  two-dimensional  equations  (1)  -  (4). 


Second-Order  Equations  for  Flexure 

In  (15),  the  symmetric  displacement  v^  , 
n=0,2,4  ...  and  the  anti -symmetric  dispalcement 
v'n),  n=l,3,5  ...  are  coupled  through  the  ma¬ 
terial  constants  y^  and  y^  .  In  order  to 


extract  the  first  two  equations  from  115)  which 
govern  the  symmetric  flexural  motion  (or  deforma¬ 
tion)  of  the  plate,  we  adopt  the  truncation 
procedure: 

(1)  Set  >  1 5  =  >  35  =  0  . 

(2)  Retain  v ^  and  ; 

Let  vjn)  =  0  n>2  and  n-even. 

(3)  Set  M|n)  =  =  M^n)  =  0 

for  n  >  2  and  n  =  even. 


Thus  we  have  the  approximate,  one-dimensional, 
second-order  equations  for  flexural  motion  of 
crystal  plates  as  follows. 


k2  *  2.36502,  Eq2„  •  E2„q  «  9.29455. 
E22„  =  E2„2  =  -6.15131,  E2,2,  «  24.7404  . 

At  the  edges  x1  *  +  a  of  the  plate,  we 
require  the  specification  of 


(1) 

either 

Mj°> 

or  v(0) 
or  v2>,  , 

(2) 

either 

M<2> 

»  «)!!  • 

(3) 

either 

M(°) 

Ml,1 

or  .s0) 

(4) 

either 

M(2) 

Ml,l 

-H!'  -  421 

(18) 


Displacement  equations  of  Motion 


y  v(0)  +  '  Y  E  V(2)  V(0)  =  A  Q(0), 

yllv2,llll  M3t02"v2,ll  t?  v2  771  q  ’ 


y  v(2)  +  1  E  Y  v(0)  + 

v2,mi  T7  *02^13  v2,i i 


1  (2) 

+  -j  (E2»2T13  -  2E2'2,y55)v2,11 


Once  we  have  solutions  v2^  and  v22^  which 

satisfy  the  one-dimensional  equations  (16)  and 
boundary  conditions  specified  according  to  (19),  we 
are  able  to  obtain  the  two-dimensional  displacement 
field  approximately  from  (6) 

u2°^(xi  ,x3,t)  =  v^(xlft)  +  v^2^(x1,t)*2(x3) 

(20) 


+  "7  y33  k2  ^7  y22^  =  -3  9^  •  and, by  substituting  (20)  into  (2)  and  (3),  the  two- 

c  b  4bJ  dimensional  stress  couples  and  stress  resultants. 


In  (16),  traction-free  edges  at  x,  =  +  c  have  been 
taken  into  account  by  setting  *  0,  and 

in  ( 1 7 ) ,  we  recall  that  *  M^  *  0  .  The 

values  of  k2  and  integration  constants  defined  In 
(14)  are 


Cantilever  Rectangular  Plates 
Subject  to  Transverse  Loadings 


Close  form  solutions  of  (16)  are  obtained  for 
cantilever  crystal  plates  subject  to  two  kinds  of 
transverse  loading: 


(A)  Transverse  shear  loading  distributed 
uniformly  over  the  plate  edge  parallel 
to  the  support. 


(B)  Uniformly  distributed  transverse  loading 
over  the  entire  plate. 


Since  both  problems  (A)  and  (B)  are  static, 
■  V<2>  *  0  ,  and  (16)  may  be  written 


c4  v<°>  +  c2  0  v<2) 

c  v2 ,1111  c  q2  v2 ,11 


C4  v{2)  ♦  c2  0  v(0)  +  c2  O  v<2>  1211 

c  v2 ,1111  c  yl  v2 .11  c  q2  v2,il 


+  O  v<2)  ■  F 

y3  v2  7  * 
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where 


yi  "  y13E22"  ’  2y55E2'2* 


7  y13  E02" 

z  k4 
y33  k2  ’ 

3c4  q<°> 
4b3 


(22) 


yij  =  yij/yll 


Y11 


3c4  q<2> 
4fa3  Y11 


,<°i.  -<!» ..<?!■  4!! ■  o  « 

»<°>  .  »j!>  .  0.  Mj“j 


(23) 


m(2)  2  m(2)  -  n 

Ml,l  c  M5  '  0  ’ 


at  x,  *  +q 


vj°>  =  lAeV5'  -  =3-  =2 

P=  <  P 


+  A5x1  +  A6*1  +  A7*1  +  A8  * 


fp)  An,Al 

v2  '  =  SapAp  e  P  +  a5A5*i  +  a5A6  » 


X  rx 


(27) 


where 


B  x£ 

A  =  '  Tp~  1  P=1 .2,3,4  ’ 

Ap  y2 


Problem  (A) 

Since  there  is  no  applied  load  over  the  plate, 
q  must  be  zero.  Then  from  the  third  equation  of 

(12),  we  have  q^  =  q^  =  0  and  from  (22), 
fQ  =  F2  =  0  in  (21). 

Let  the  uniform  shear  loading  intensity  at 
edge  x,  =  +  a  be  q*  ,  which  has  dimension  of 
force  p4r  unit  length.  Then  for  the  cantilever 
plate  with  edge  shear,  we  require,  according  to  (19), 


(28) 


6Q 


2y2  _-2 
J3 


of  r'2  *  “6  =  *  uf •  r=a'c  • 


Substitution  of  (27)  into  (23),  with  the  aid  of 
(17),  leads  to  a  system  of  eight  nonhomogeneous 
equations  for  the  eight  amplitudes  A.,  j=l,2,...,8, 
which  may  be  written  in  the  matrix  Jnotation 


CMij][Aj]  =  [ B - ] ;  i,j-l,2,3 . 8,  (29) 

in  which  the  non-zero  elements  are  given  below. 


*Anr  *X„r 

Mlq  =  e  ’  M2q  =  aq  e  ’  M3q  ’  Xq  e 


We  assume  the  solution  form 

JO)  =  A  /Xl/C  y(2) 

Up  n  c  *  Vp 


XX,/c 

Be.  (24) 


Equations  (16)  are  satisfied  by  (24),  provided 


X4  Q2X2 

A 

q2X2  A4  +  Q,A2  +  Q-j 

B 

_ 

L  J 

(25) 


The  vanishing  of  the  determinant  of  the  coefficient 
matrix  of  (25)  leads  to  four  repeated  zero  roots  of 
X  and  four  non-zero  roots  Xn,  p=l,2,3,4  which 
satisfy  p 


xp  +  Vp  +  (Q3-Qi)  ■  0;  P-1,2.3,4  .  (26) 

Therefore,  we  may  express  the  general  solution  by 


M4q  "  Vp  e  Xqr-  %  '  (2Xq2+y13E02"aq)eAqr  * 


M6q  = 

(2u  X2 

q  q 

+  y13E22"aq) 

V 

e  M  , 

(2Xq  + 

Y1 3E02”  aqX 

X  r 

q)eq 

* 

%  = 

[2a  X3 

q  q 

+  (y13E22.. 

-  4  Y55E 

X  r 

2'2,)aqXq-l  e  ^  * 

M15  = 

-1  ,  M16  =  1  ,  M 

17  =  _1 

■  M18  =  1  * 

M25  * 

”a5  * 

M26  =  a6  * 

M35  =  3 

r'1,  M36  =  -2r-1 

M37  = 

r'1. 

M45  =  a5r‘1  ■ 

H55  = 

(12r  + Y13E02"a5 

M56  = 

(4r"'  ^ 

h  Y13E02"a6) 

•  M65  = 

Y13E22"a5  ’ 

M66  =  Y13E22"a6  *  M75  =  *12r  3+y13E02"“5r  ^  * 

M85  “  ^13E22" -4y55E2,2')'V  1  * 

B7  =  3q*c3/Yllb3  ;  q-1, 2,3,4  . 

(30) 
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•  -m  .  yxen.^-'v-^.  ■ 


A  rectangular  AT-cut  quartz  plae  with  r * a/c  * 
1.50,  shown  in  Fig.  1,  is  chosen  for  the  study.  Let 
xj  axis  be  the  digonal  axis  of  quartz.  The  material 
constants  Yjj  referred  to  the  plate  axes  x,  must 
be  functions  of  the  azimuth  angle  ip  according  to 
the  rule  of  tensor  transformation  between  c, .  and 
cV  of  the  elastic  stiffness  coefficients  J  of 

quartz. 


For  a  given  edge  shear  intensity  q*  ,  ampli¬ 


tudes 

and 


A.  can  be  calculated  from  (29),  and 

(2r  c 

vX  '  from  (27).  Then  the  two-dimensional 

*  (0) 
displacement  u^  is  obtained  from  (20),  and 

stress  couples  and  stress  resultants  from  (2)  and 
(3),  respectively,  with  ip  regarded  as  a  parameter. 


For  the  visualization  of  their  two  dimensional 
variations  in  the  plate,  the  displacement  and 
stresses  are  computed  and  plotted  along  the  x-j 
and  x,  axes  in  dimensionless  quantities  and  for 
various  values  of  <p  .  Displacement  uLO)  are 

shown  in  Figs.  2  and  3,  stress  couple  T^  in  Figs. 

4  and  5,  tP^  in  Figs.  6  and  7,  tP^  in  Fig.  8, 

J  (01  s 
shear  stress  resultant  Tg  in  Figs.  9  and  10, 

and  t!!0^  in  Fig.  11.  We  note  that  both  tP^  and 

(0)  *  3 
'  vanish  along  the  x^  axis. 


Problem  (B) 


When  the  plate  is  subject  to  a  uniform  load 
over  the  entire  plate,  then  the  loading  intensity 
q  becomes  a  constant.  Thus,  from  (12)  we  get 


r  2q  , 


,(2) 


0  , 


(31) 


(when  Fg  =  F2  *  0)  and  a  particular  solution  for 
Fg.F^  given  in  (32).  The  homogeneous  solution  is 

identical  to  (27).  The  particular  solution  Is  ob¬ 
tained  in  a  polynomial  form 


;(Q)  = 


■  Fopi 


4  -4 
r  x, 


;(2) 

v2 


FQ(P2r2  x2  +  P3),  (34) 


where 


2A(Q2  -  Q3) 

^2 

—X  » 

Q2-Q3 

fy?  -  Op  ‘ 


(35) 


We  note  that  the  particular  solution  is  completely 
determined  by  the  applied  load  F„  and  the  coeffi¬ 
cients  of  the  governing  equation  u  Q, ,  Q?,  and 
Q3  defined  in  (22). 


By  adding  (34)  to  (27),  we  have  the  complete 
solution.  Thus 


4  X  rx.  , 

F0(l  A  e  P  +  A^  +  AgX2  + 

p=l 


+  AyXj  +  Ag  +  P] r^X^)  , 


Therefore  in  (21)  and  (22), 


2b3, 


F2 


(32) 


(36) 


Fo<& 


X  rx. 

e  +  agAg^  +  OgAg 


+  P2r  *1  +  P3^  * 


Since  there  is  no  applied  edge  force,  the  boundary 
conditions  (23)  reduce  to 


v(0)  .  v(2)  .  v(0)  .  (2)  .  Q 

v2  v2  v2,l  v2,l  U 


at 


Again,  the  requirement  of  boundary  conditions  (33) 
results  in  a  system  of  eight  equations  on  eight 
unknowns  Ay  j=l  ,2,3,. ...8 


-<») .  „0>  .  „(»{  .  «0j 


I  "s21  ■  0 


(33) 


at  x,  *  +  a  , 


=  tBj]  •  (37) 

where  the  elements  M. .  are  identical  to  those 
defined  in  (30),  whileJthe  elements  Bi  are  given 
as  follows:  J 


We  may  regard  that  the  solution  of  (21)  in 
this  case  as  the  sum  of  the  homogeneous  solution 
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i 


Bi  ■ 

-  P 

plr  • 

^2  2  ”  ^2r  * 

B3  ’ 

4  P,r3 4  , 

BJ  «  2  P2r  , 

B5  ' 

-  24  P,r2  -  i 

r13  E02"^P2r  +  P3^ 

B6  ■ 

'  4  P2  '  *13 

E2 2»<p2f2  +  P3}  * 

CD 

'-J- 

II 

-  48  P,r  -  2 

*13  E02"  P2r  * 

B8  = 

(4  *55  E2'2’ 

-  *13  E22"^  P2r  ‘ 

We  see  that  (2'-<  and  (37)  have  identical  form; 
they  differ  only  in  bj  and  Bj  . 

Once  A.  are  calculated  from  (37),  vi°^  and 
(21  J  c 

V,  '  can  be  obtained  from  (36).  Then  the  two- 
‘  (01 
dimensional  displacement  u^  can  be  calculated 

from  (20),  and  stresses  from  (2)  and  (3). 


To  check  the  accuracy  of  our  solution,  we  have 
computed  displacement  and  stresses  for  isotropic 
elastic  plates  by  converting  the  material  constants 
through  (5),  since  many  existing  solutions  by 
various  different  methods  of  approximation  are 
available  only  for  isotropic  plates. 

First,  a  square  plate  (r  =  a/c  *  1)  with 
Poisson’s  ratio  v  =  0.3  is  chosen.  The  displace¬ 
ment  u<°>  along  the  free  edge  x,  =  a  and  the 
‘  (11  1 
bending  stress  T|  '  along  the  clamped  edge  x^  « -a 

are  computed  as  functions  of  x^/c  ,  and  they  are 

listed  in  Tables  I  and  II,  respectively,  together 
with  the  results  by  Chang  2  and  by  Wu  (F.E.M.). 

A  second  comparison  is  made  for  a  rectangular 
plate  (r  =  a/c  =  0.5)  and  v  =  0.3.  In  a  similar 
manner,  the  present  results  are  compared  with  those 
by  Nashl  and  Chang2  as  shown  in  Tables  III  and  IV. 

It  can  be  seen  that  the  agreement  among  the 
results  by  various  different  methods  Is  close. 
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Fig.  1  A  Rectangular  Cantilever  Plate  Referred  to  x- 
Coordinate  System,  xj  Referred  to  Axes  of  1 
Crystal  Sywnetry.  and’  *  the  Azimuth  Angle 
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Transverse  Shear  Along  the  x,  Axis  of  the  Plate 
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Table  I  Comparison  of  displacement  u^  along  the  free  edge 

x.j  =  +a  for  a  square  plate  (r  «  a/c  *  1,  v  *  0.3). 


wmm 

0.00 

0.25 

0.50 

0.75 

1.00 

Chang 

(0)  9(2a)* 

u^UJ=  0.13102  — — 

0.13091 

0.13056 

0.12998 

0.12933 

F.E.M. 

0. 12905 

0.12892 

0.12851 

0.12788 

0.12708 

present 

0.1270 

0.1268 

0.1264 

0.1258 

0.1252 

Table  II 


Comparison  of  bending  couple  t|' ^  along  the  clamped 
edge  x1  «-a  for  a  square  plate  (r  *  a/c  *  1,  «  * 


0.3). 


mPi 

0.00 

0.25 

mm 

0.75 

a 

Chang 

tJ1)  «  -0.53560q(2a)Z 

-0.53550 

-0.53353 

-0.51270 

a 

F.E.H. 

-0.53092 

-0.53058 

-0.52760 

-0.50399 

B 

present 

-0.5602 

-0.5468 

-0.5098 

-0.4580 

B 

Table  III 


Comparison  of  displacement  along  the  free  edge 

Xj  *  +a  for  a  rectangular  plate  (r  *  a/c  *  0.5,  v  *  0.3). 


0.00 

0.25 

0.50 

0.75 

1.00 

Chang 

u<°>  ■  0.12837 

d(2a  r 

D 

0.12825 

0.12784 

0.12691 

0.12540 

Nash 

0.141 

0.139 

0.135 

present 

0.1267 

0.1264 

0.1256 

0.1244 

0.1232 

Table  IV 


Comparison  of  bending  couple  t|^  along  the  clamped  edge 
x-|  *  -a  for  a  rectangular  plate  (r  *  a/c  1  0.50,  v  *  0.3) 


x3/c 

0.00 

0.25 

0.50 

0.75 

1.00 

Chang 

t|1}*  -0.51049q(2a)2 

-0.51451 

-0.51386 

-0.51074 

0.0 

Nash 

-0.5082 

-0.5047 

-0.4824 

present 

-0.5310 

-0.5241 

-0.5051 

-0.4784 

-0.4489 
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Abstract 


An  approximate  dispersion  equation  describing 
the  mode  shape  along  the  surface  of  a  doubly- 
rotated  SC-cut  quartz  plate  vibrating  in  the  vicin¬ 
ity  of  the  fundamental  and  odd  overtone  essentially 
thickness-shear  frequencies  of  interest  is  obtained 
from  the  equations  of  three-dimensional  linear 
piezoelectricity.  The  influence  of  piezoelectric 
stiffening,  electrode  mass  loading  and  electrical 
shorting  is  included  in  the  treatment.  The  disper¬ 
sion  relations  in  both  the  electroded  and  unelec- 
txoded  regions  of  the  plate  are  obtained  along  with 
simple  approximate  edge  conditions  to  be  satisfied 
at  a  junction  between  the  two  regions.  The  disper¬ 
sion  relations  and  edge  conditions  are  applied  in 
the  analysis  of  trapped  energy  resonators  with  rec¬ 
tangular  electrodes  on  SC-cut  quartz  plates  and  a 
lumped  parameter  representation  of  the  admittance, 
which  is  valid  in  the  vicinity  of  a  resonance,  is 
obtained.  in  addition,  the  two-dimensional  gener¬ 
alization  of  Bechxnann' s  number  in  one  dimension  is 
provided. 


1.  Introduction 

Previous  analytical  work  on  trapped  energy 
resonators  with  rectangular  electrodes  holds  only 
for  rotated  Y-cuts  of  quartz1 * 2  .  In  recent  years 
the  doubly -rota ted  SC-cut3 '4  has  given  every  indi¬ 
cation  of  possessing  significant  technological  ad¬ 
vantages5'  over  the  AT-cut.  On  account  of  the  ad¬ 
ditional  anisotropy  of  the  SC-cut,  the  existing 
analytical  treatment2  of  trapped  energy  resonators 
does  not  hold.  In  this  paper  an  analysis  of  SC-cut 
quartz  trapped  energy  resonators  is  performed. 

The  analysis  proceeds  by  decomposing  the  me¬ 
chanical  displacement  vector  along7  the  orthogonal 
eigenvector  triad  of  the  pure  thickness  solution 
and  transforming  the  independent  spatial  variables 
to  a  Cartesian  coordinate  system  containing  the 
plate  normal  and  the  component  in  the  plane  of  the 
plate  of  the  large  thickness  eigen-displacement  of 
interest.  The  Cartesian  coordinate  system  employed 
determines  the  most  desirable  orientation  for  rec¬ 
tangular  electrodes  on  SC-cut  quartz  plates.  Since 
the  piezoelectric  coupling  is  small  in  quartz  and 
we  are  interested  in  obtaining  the  dispersion  rela¬ 
tion  in  the  vicinity  of  the  thickness-frequencies 
of  interest  for  hmII  wavenumbers  along  the  plate, 
only  the  thickness-dependence  of  all  electrical 
variables  is  included  in  the  treatment.  A  number 
of  relatively  nail  unimportant  transformed  elastic 


constants  that  cause  coupling  to  the  third  compoiv- 
ent  of  thickness  eigen-displacement  are  neglectea 
along  with  those  that  cause  coupling  of  the  sym¬ 
metric  to  the  antisymmetric  solution  for  the  plate. 
The  resulting  system  of  transformed  differential 
equations  and  boundary  conditions  on  the  major  sur¬ 
faces  of  the  plate  are  employed  in  the  determina¬ 
tion  of  the  asymptotic  dispersion  relation  in  the 
vicinity  of  each  thickness- frequency  of  interest 
using  a  procedure  analogous  to  the  one  used  in  the 
case  of  rotated  Y-cut  quartz1'2.  Both  the  disper¬ 
sion  relation  in  the  ulectroded  region  and  slightly 
different  one  in  the  unelectroded  region  are  ob¬ 
tained  along  with  simple  approximate  edge  conditions 
to  be  satisfied  at  a  junction  between  the  two 
regions. 

The  above-mentioned  dispersion  relations  and 
edge  conditions  are  applied  in  the  analysis  of 
trapped  energy  resonators  with  rectangular  elec¬ 
trodes  on  SC-cut  quartz  plates  and  a  lumped  param¬ 
eter  representation  of  the  admittance,  which  is 
valid  in  the  vicinity  of  a  resonance,  is  obtained. 

In  addition,  the  two-dimensional  generalization  of 
Bechmann1 s  number  in  one  dimension  is  provided. 

Some  numerical  results  obtained  from  the  analysis 
are  given. 


2.  Transformation  of  Equations 


The  stress  equations  of  motion  and  charge 
equation  of  electrostatics  may  be  written  in  the 
form 


T 

urn,  m 


D  -  0  . 


m,  m 


(2.1) 


The  linear  piezoelectric  constitutive  equations  are 
given  by 


T  *  c  u  +  e _  <p  f 

mn  ranrs  r, s  rmnT, r  9 

D  -  e  u  -  e  cp 
m  mrs  r, s  mn  ,  n 


(2.2) 

(2.3) 


The  notation  is  conventional9*10  and  carets  have 
been  introduced  over  the  mechanical  variables  and 
the  elastic  and  piezoelectric  constants  because  we 
are  going  to  transform  from  the  Cartesian  coordi¬ 
nate  system  presently  being  employed  to  a  combina¬ 
tion  of  two  very  special  cartesian  coordinate  sys¬ 
tems  that  facilitate  the  analysis.  Moreover,  in 
the  original  coordinate  system  we  consistently  use 
the  tensor  indices  m,  n,  r,  s.  The  substitution 
of  (2.2)  and  (2.3)  in  (2.1)  yields 


■4* 
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c  u  +  e  tp  *  pu  , 
mnrs  r,  an  man  ,  rm  n 

e  u  -  €  <p  “  0  , 
mrs  r, sm  mn  , nm 

which  are  the  differential  equations  of  linear 
piezoelectricity. 


(2.4) 

(2.5) 


where 


e  -  pu>2/n2 . 


(2.15) 


Por  a  nontrivial  solution  the  determinant  of  the 
coefficients  of  A,  in  (2.14)  must  vanish,  i.e., 


“2nr2 


■  £6_ 


(2.16) 


The  coordinate  axes  are  oriented  with  Xj 
normal  to  the  major  surfaces  of  the  plate,  which 
are  at  x^-ih,  and  x^  directed  along  the  axis  of 
second  rotation  of  the  doubly-rotated  quarts  plate. 
Since  in  the  modes  of  interest  the  spatial  rate  of 
variation  of  the  dependent  variables  in  the  plane  of 
the  plate  is  much  less  than  in  the  thickness  direc¬ 
tion  and  the  piezoelectric  coupling  is  small,  we 
can  ignore  the  x.  dependence  of  cp  and  D,  and  of  any 
variable  in  the  expression  for  Ds,  and  in  place  of 
Eqs. (2.3)  and  (2.5),  respectively,  write 


2r2  r, 2  e22v,2’ 

e2r2Gr,22  '  €22<p,  22  “  0  ’ 


(2.6) 

(2.7) 


and  we  have  introduced  the  convention  that  the  sub¬ 
scripts  u,  v,  w  take  the  values  1  and  3,  but  skip  2. 
Moreover,  it  is  advantageous  for  us  to  write  (2.2) 
and  (2.4),  respectively,  in  the  forms 


ghich  yields  a  cubic  equation  in  c.  Since  the 
ca#r2  constitute  a  symmetric,  positive-definite 
matrix11,  Eq.  (2.16)  yields  three  real,  positive 
roots12  1  ^  (i*  1,2,3)  which  yield  mutually  orth¬ 
ogonal  eigenvectors  A*1'  when  substituted  in  (2.14), 
and  we  may  write 


Ar  Ar  *N(i)6ij> 


(2.17) 


where  the  N(  , )  are  the  normalization  factors.  If 
we  normalize  the  thus 


(i) 


Ari)/N(i)> 


(2.18) 


and  write  the  qj1^  as  a  3X3  orthogonal  transforma¬ 
tion  matrix  Qlr ,  from  (2.17)  we  have  the  orthogonal¬ 
ity  relations 


Q.  Q.  = 
ir  ]r 


sij 


(2.19) 


T  -  c  _u  „  +  e_  cp  _  +  c  u  ,  (2.8) 

mn  mnr2  r ,  2  2mn  ,  2  vrnm  r ,  v  ’ 

C2nr2Ur,22  +  e22n'P,  22  +  (C2rnv  +  C2nrv)ur,  2v 

+  c  u  ■=  pu  ,  (2.9) 

vnrw  r,wv  K  n  ’ 

since  we  are  interested  in  modes  in  the  vicinity  of 
the  frequencies  of  thickness  vibration.  Substitut¬ 
ing  from  (2.7)  into  (2.9),  we  obtain 


°2nr2^,22+  (c2rnv+C2nrv)Ur,2v 


(2.10) 


where 


and,  of  course,  the  other  orthogonality  relations 


Q.  Q.  = 
iris 


(2.20) 


hold. 


We  may  now  transform  the  components  of  the  me¬ 
chanical  displacement  vector  ur  in  the  original  co¬ 
ordinate  system  to  the  components  ut  in  the  thick¬ 
ness  solution  eigenvector  coordinate  system,  thus 


u . 
i 


ir  r  ’ 


(2.21) 


and,  of  course,  the  inverse  relation 


u 

r 


=  Q.  u. 
ir  l 


(2.22) 


C2nr2  =  °2nr2  + 


22 


(2.11) 


are  the  usual  piezoelectrically  stiffened  elastic 
constants. 


For  thickness  vibrations  only  Xq -dependence  is 
considered  and  (2.10)  takes  the  form 


C2nr2Ur.22J 


PUn 


(2.12) 


In  the  case  of  the  unelectroded  plate  the  antisym¬ 
metric  thickness  vibration  solution  can  be  written 
in  the  form 


u  -  A  sin  Tlx.  e 
r  r  2 


icnt 


(2.13) 


which  satisfies  (2.12)  provided 


(c2nr2-£*nr>  \  *  0  ’ 


(2.14) 


holds.  A  schematic  diagram  showing  the  original 
coordinate  system  and  the  eigenvector  coordinate 
system  is  shown  in  Fig.l.  For  a  pure  thickness 
solution  for  an  unelectroded  plate,  one  of  the 
thickness  eigen-displacements,  say  u1;  exists  and 
the  other  two  vanish  identically.  Moreover,  for  a 
mode  of  vibration  in  the  vicinity  of  the  thickness 
solution  for  which  exists,  although  and  Ug 
exist  they  are  one  or  more  orders  of  magnitude 
smaller  than  .  This  is  the  reason  there  is  a 
significant  advantage  in  decomposing  the  mechanical 
displacement  along  the  eigenvector  triad  of  the  pure 
thickness  solution  when  describing  this  type  of 
mode. 


Clearly,  the  independent  variables  x,  must  be 
referred  to  a  Cartesian  coordinate  system  containing 
the  axis  fcg,  which  is  normal  to  the  major  surfaces 
of  the  plate,  and  two  orthogonal  axes  in  the  plane 
of  the  plate.  Of  all  the  orthogonal  coordinate  sys¬ 
tems  in  the  plane  of  the  plate,  one  is  particularly 
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well  suited  for  the  description  of  modes  of  vibra¬ 
tion  in  the  vicinity  of  the  pure  thickness  solution 
Uj,  when,  as  is  the  case  in  this  work,  it  is  dom¬ 
inantly  a  thickness-shear  displacement,  as  shown  in 
Fig. 1.  That  coordinate  system  contains  the  axis 
formed  by  the  projection  of  the  ut -eigendisplaceraent 
direction  or  the  plane  of  the  plate  as  shown  in 
Fig. 2.  From  (2.22)  the  angle  8  is  given  by 


where 

®22j  “ajr622r  ' 


C"'<e22j/*22)Vh)/h- 


(2.31) 


In  the  case  of  the  unelectroded  plate  becauam  of 
the  reasoning  leading  to  (2.6)  we  can  neglect  the 
electric  field  outside  the  plate1  and  the  elec¬ 
trical  boundary  condition  becomes 


e 


-l 


tan 


(_Q13/CU>  ’ 


(2.23) 


Dj  ■  0  at  Xj»±h.  (2.32) 


and  the  planar  rotation  matrix  RIV  is  given  by 
,cos  9  -  sin  8\ 

Rav  “  (.sin  9  cos  8/,  (2.24) 


Hence, 

plate, 


from  (2.32)  with  (2.6),  for  the  unelectroded 
we  obtain 


(e22j/e22>Uj  ’ 


<2.33) 


where  we  have  introduced  the  convention  that  the 
subscripts  a,  b,  c,  d  take  the  values  1  and  3,  but 
skip  2.  Clearly,  the  planar  coordinates  xM  and  x* 
are  related  by 


x 

a 


R  x 
av  v 


=  R  x  , 
r  av  a  5 


the  first  of  which  yields 

^VRav3/aV 


(2.25) 


(2.26) 


Transforming  (2.10)  witn  Q  substituting  from 
(2.22)  for  u,  and  flu  and  (2.26)  for  the  partial  de¬ 
rivatives  with  respect  to  x,  and  x.  and  employing 
(2.14)  with  (2.18)  and  (2.19),  we  obtain 


5<”uj,22+(caij2  +  Caji2)ui,2a 
+  cajibUi,ab-Pfij  > 


where 


caij2  ®jnairR av^vrn2  ’ 


cajib  Rav®jnairRbw5vnrw ' 


(2.27) 


(2.28) 


In  the  case  of  the  thickness  vibrations  of  the 
electroded  plate  with  shorted  electrodes  the  three 
solutions  of  the  differential  equations  are 
coupled13-16  in  the  transcendental  frequency  equa¬ 
tion.  However,  since  the  piezoelectric  coupling  is 
small  in  quartz  and  the  three  c* 11  are  widely  sepa¬ 
rated,  the  transcendent* 1  frequency  equation  ap¬ 
proximately  uncouples  and  we  effectively  have  three 
independent  transcendental  frequency  equations1 1 , 
one  for  each  thickness  eigen-displacement  Uj .  Con¬ 
sequently,  (2.27)  is  a  useful  form  for  the  treat¬ 
ment  of  modes  of  vibration  in  the  vicinity  of  the 
pure  thickness  solution  u,  for  the  electroded  as 
well  as  the  unelectroded  plate. 


For  the  electroded  plate  with  shorted  elec¬ 
trodes  the  electrical  boundary  condition  is 


tp«0  at  Xj  «±h.  (2.29) 

Substituting  from  (2.22)  into  (2.7),  integrating 
and  satisfying  (2.29),  we  obtain 

<P“  (*22j/e22,Uj  +  Cx2  ’  (2-30) 


which  is  the  same  as  (2.30)  but  with  C**0. 


The  traction  boundary  conditions  on  the  major 
surfaces  of  the  plate  employ  the  constitutive  equa¬ 
tions  in  (2.8)  with  m»2.  Transforming  (2.8)  for 
m«2  with  QJa,  substituting  from  (2.22),  (2,26), 
(2.30),  (2.31),  and  (2.11)  and  employing  (2.14) 
with  (2.18)  and  (2.19)  and  (2.28^,  we  obtain 


2j 


3,2  22}  ai}2  l, a 


(2.34) 


which  holds  for  the  electroded  plate  and  for  the 
unelectroded  plate  provided  C  =  0.  The  traction 
continuity  conditions  along  the  surfaces  separating 
the  electroded  from  the  unelectroded  regions  of  the 
plate  are  obtained  from  (2.8)  with  ra  =  w.  Trans¬ 
forming  (2.8)  for  m  =  w  with  substituting 

from  (2.22)  and  (2.26),  employing  (2.28)  and  ignor¬ 
ing  the  piezoelectric  coupling  term?,  which  are 
negligible  in  the  lateral  continuity  conditions  in 
quartz  for  the  modes  of  vibration  of  interest  in 
this  work11,  we  obtain 


a}  ai]4  i, . 


3.  Dispersion  Equations 

The  differential  equations  expressed  in  terms 
of  the  thickness  eigen-displacements  in  the  trans¬ 
formed  coordinate  system  are  given  in  (2.27).  the 
boundary  conditions  on  the  major  surfaces  of  the 
unelectroded  plate  are 

T  .  “0  at  x  «±h,  (3.1) 

2  j  i 

where  the  constitutive  equations  for  TaJ  expressed 
in  the  same  way  are  given  in  (2.34)  with  C«0, 

Since  we  are  interested  in  the  solution  for  plate 
waves  in  the  vicinity  of  the  thickness  frequencies 
for  the  thickness  eigen-displacement  Uj  with  wave, 
or  decay,  numbers  in  the  plane  of  the  plate  that 
are  much  smaller  than  the  thickness  wavenumbers  and 
a  number  of  the  transformed  elastic  constants  are 
very  msall,  the  differential  equations  (2.27)  and 
constitutive  equations  (2.34)  and  (2.35)  can  be 
simplified  considerably.  Accordingly,  we  neglect8 
the  relatively  small  unimportant  elastic  constants 
cit>  ci  f>  <is5»  cis7>  Sai  c6j<  >  ci*>  cse> 

css>  cie,  c3«  and  °B7»  t*1®  first  »ix  of 

which  cause  coupling  to  the  Ug  thickness  eigen- 
displacement  field  in  the  absence  of  any  x. 
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dependence  and  one  of  the  remainder  of  which  couples 
the  symmetric  to  the  antisymmetric  solutions  for  the 
plate,  and  we  have  introduced  the  compressed  index 
notation  defined  in  Table  I.  When  the  aforemen¬ 
tioned  transformed  small  elastic  constants  are  ne¬ 
glected,  Eqs.  (2.27)  and  (2.34)  reveal11  that  for 
small  wave,  or  decay,  numbers  along  the  plate  Ug  is 
two  orders  of  magnitude  smaller  than  ux  and,  hence, 
negligible  to  the  lowest  order  of  approximation  ob¬ 
tained  here.  Consequently,  we  can  ignore  Ug  and 
the  third  equation  in  each  of  (2.27),  (2.34)  and 
(3.1).  Under  these  circumstances  from  (2.27)  we 
obtain  the  pertinent  nontrivial  differential 
equations 


-U) 


1.22  +  (C66  +  C12)U2.12  +  C11U1. 11 


+  C58U1,33 


■P«!  . 


.(2) 


'  u2,22+  (C12  +  C66,Ul,2l'PU2 


(3.2) 


where  we  have  omitted  writing  the  terms  c^eu2>ll, 

C74Ur,  33  ’  2c6  3Ua,  12 1  ^1U1,11  ar^  C54lh.33  ln 

because  they  are  at  least  an  order  of  magnitude 
smaller  than  the  smallest  term  retained  in  this 
treatment  and,  hence,  negligible  to  the  order  of 
approximation  being  obtained  and  we  have  employed 
the  relation 


cajib  cbija  ’ 


(3.3) 


which  is  a  consequence  of  (2.28)  and  the  standard 
symmetries  of  the  elastic  constants  cVorW.  Under 
the  circumstances  outlined  from  (3.1)  and  (2.34)  for 
the  unelectroded  plate,  we  obtain  the  nontrivial 
boundary  conditions 


(1) 

U1,2  +  C66U2,1*° 

at 

x2  -  ±h 

,2>u2  2  +  C12U1  1  =  0 

at 

x2  =  ±h 

where  we  have  omitted  the  term  CggUg  x  from  (3.4)a 
because  it  is  an  order  of  magnitude  smaller  than 
the  other  terms  in  the  equation  and,  hence,  neg¬ 
ligible  in  this  lowest  order  approximation.  In  the 
case  of  the  electroded  plate  with  shorted  elec¬ 
trodes  the  electrical  boundary  condition  is  given 
by  (2.29)  and  under  the  circumstances  outlined  the 
nontrivial  mechanical  boundary  conditions  on  the 
major  surfaces  are  given  by 


where  o'  and  2h '  are  the  mass  density  and  thickness 
of  the  electrode  plating,  respectively. 

Under  the  circumstances  outlined  Eqs.  (3.2), 
(3.4),  (2.32)  and  (3.5),  (2.29)  are  identical  in 
form  with  Eqs.  (1.7),  (1.9)  and  (1.10)  of  Ref. 2  with 

the  exception  of  a  negligible  term  included  in 
(1.7)2.  Consequently,  the  solutions  presented  in 
Sec. I  of  Ref. 2  are  applicable  here  without  change 
and  we  simply  present  the  important  pertinent  re¬ 
sults  below.  However,  it  should  be  carefully  noted 
that  the  material  coefficients  appearing  in  this 
work  have  different  values  than  those  of  Ref. 2  be¬ 
cause  of  the  transformed  coordinates  employed  here 


even  though  the  symbolism  is  the  same. 


It  has  been  shown2  that  a  typical  asymptotic 
solution  to  second  order  in  f;  and  v  for  plate  waves 
in  an  unelectroded  region  can  be  written  in  the 
form 

(1)  (2)  „  -rx,  io>t 

u1-(B1  sin  n^x2  +  Bi  sinKT11x2)e  y  1  cos  vx3e  , 

(1)  (2)  „  -fxi  iujt 

u2  •  (B2  cos  7)jX2  +  B2  cos  hT) jX2 ) e  3  1  cos  vx3e  , 

*  ■  (e26/e22>V  (3'6) 

where 


(-1) 


■r 

(n+l)/2 


.(2) 


/kT],  , 


(c 


12 


+  rc(2))5B|1>/c(2)nTl1sinKTl1h  , 


K-«c(1'/c(2V/2,r.(c12tc66,/(c(1' 


-(2), 


Tl^  =  nrr/2h  ,  n  odd  , 

2  2  —  ( 1)  1/2 
“  c55v  +  (nTTc/h)  (c  o)  *0, 


and 


*cn+  (c12  +  c66)r+4(r5(1>  -c66> 

(2)  1  (2) 
x  (c  r+c12)cot  -  Hnn/c  nrrH  , 

id  +e,  id  =  (nn/2h)  (5(1)/P)1/2  . 
n  n 


(3.7) 

(3.8) 


(3.9) 

(3.10) 


Similarly,  it  has  been  showif  that_a  typical  asymp¬ 
totic  solution  to  second  order  in  5  and  v  for  plate 
waves  in  an  electroded  region  with  shorted  elec¬ 
trodes  can  be  written  in  the  form 

ux*  (b|1J  sin  TljXj  +  sinHTIjXj* 

—  _  iirt- 

X  cos  Jx^  cos  VXj  e  , 
u2  =  (Bj1'  cos  \x2  +  cos  hTJjXj) 

—  _  iiut 

X  sin^x^cosvXj  e  , 

cp=  <e26/c22,Ul  + Cx2  ’  C  =  '<e26/e22)ul(h,/h  ’  (3.11) 


where 


Bj1’  *  r5B^1)/T|1  ,  B^2)  =  -rFB^2)/xTl1,  \~hTT/2h  , 

B22)=(-l)  (n+1,/2(c(2,r+c12)?B^1,/^(2,xTi1  sin  xT^h  , 

(3.12) 

(3.13) 


M  ?2  +  c._v2  -  (nTie/h)  (5(1)0)1/2- 0  , 
n J  bb 


m  ^  1/2  2  2  2 

ir  =  uj  +  c,  uS  *  (nn/2h)  (c  '  Vp)  (1  -  (4k  /n  rr  )  -  RJ  , 
n  n  <o 


k26  =  e26/5<1>E22’  R“  2p'h'/ph  ,  (3.14) 

and  we  note  that  (3.11)3  has  been  obtained  from 
(2.30)  and  (2.31)a  because  £  is  small.  It  has  also 
been  showr?  that  for  purposes  of  analysis  of  a 
trapped  energy  resonator  operating  in  the  vicinity 
of  the  thickness  frequencies  of  overtones  associ¬ 
ated  with  the  thickness  eigen-displacement  u1 ,  the 
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solutions  in  the  unelectroded  and  electroded  re¬ 
gions,  respectively,  can  be  represented  in  the  form 

„<1)  .  "5xl  iwt 

sml|,Xje  cos  vx^e  , 

5^  -  sin  1\y*2  COB  COS  ^X3  eIU)t  >  (3.15) 

where  it  is  understood  that  (3.8),  (3.10)  and 
(3.13),  (3.14)l  a,  respectively,  are  satisfied. 

A  schematic  diagram  of  a  cross-section  and  a 
plan  view  of  one  quadrant  of  a  trapped  energy  res¬ 
onator  are  shown  in  Figs. 3  and  4,  respectively.  It 
has  been  showr^  that  at  an  junction  between  an 
electroded  and  unelectroded  region  of  the  plate,  the 
four  existing  continuity  conditions  can  be  satisfied, 
approximately,  by  requiring  the  continuity  of  only 
the  two  quantities 


while  at  an  Xj  junction  it  has  been  shown2  that  the 
continuity  of  only  the  two  quantities 


,.NT€ 

ul'H  ®ln-5h 


2h  '  s  h  / 

Nnx,  (x  -l) 


S  26  S 

“  —  "l  > 
e22 


c°s  VNe*3e 


T  mt  .  (*roc2  v  -v„.  (x.-b)  i<ot 
Uj^-H  ain  cos  S^Xje  3  e  , 

T  e26  T 

v  -  —  “l  > 

NTTX  5  “  T 

C  2  -SNT (*,-*)  -vNe  (x,-b)  io>t 

»  H  sin  -  .  e  NT  1  e  Ne  3  e  , 

c  e26  C  ,, 

©  -  -iS.  u,  ,  (4.2) 

22 

where 

me  <-l)(N~11/24e26v4ain  ain  y 

c(1>(l.^£V,»2n\ywe 


is  required.  It  has  also  been  showri2  that,  since  £ 
and  v  are  small  compared  with  7),  it  is  more  appro¬ 
priate  to  satisfy  all  equations  associated  with  a 
corner-type  region  to  first  order  in  5  and  v  point- 
wise  than  to  satisfy  (3.8),  which  contains  terms  of 
zero  and  second  order  in  §  and  v,  pointwise  and  the 
continuity  conditions  at  junctions  (3.16)  and  (3.17) 
each  of  which  has  one  condition  of  zero  order  and 
one  condition  of  first  order  in  §  or  v,  respectively, 
as  integral  conditions  only.  Consequently,  in  the 
interior  of  a  comer-type  region  we  do  not  satisfy 
(3.8),  but  at  the  junctions  between  corner-type  re¬ 
gions  and  adjacent  regions  we  do  satisfy  the  con¬ 
tinuity  conditions  consisting  of  either  (3.16)  or 
(3.17)  pointwise.  This  means  that  in  the  interior 
of  a  corner-type  region  we  satisfy  the  conditions  to 
first  order  in  $  and  v,  since  first  order  terms  do 
not  exist  in  (3.8),  and  at  junctions  between  corner- 
type  regions  and  adjacent  regions  we  satisfy  the 
continuity  conditions  pointwise  to  first  order  in  § 
and  v.  Thus,  all  equations  associated  with  the 
relatively  unimportant  corner-type  regions  are  sat¬ 
isfied  to  first  order  in  §  and  v,  while  all  equa¬ 
tions  associated  with  all  other  regions  are  satis¬ 
fied  to  second  order  in  §  and  v. 

4.  Trapped  Energy  Resonator 


in  the  vicinity  of  a  coupled  thickness -shear, 
thickness-twist  trapped  energy  resonance,  say  the 
NT c th ,  one  term  in  the  series  solution2  dominates 
the  others  and  the  solution  can  very  accurately  be 


written  in  the  form 


NT  €  .  NTT  — 

H  sinih  X2COS  VtlCOS'V 


2  lujt  26  „NTe  7"  - 

—  e  + -  H  cos  f  x  cos  v  x 

!h  e  Nr  1  Ne  3 


2  C°S\eb  (l  sin  2V\  2  00,2 V  (b 

T  \2  .?  )  S  V2 

V  NT  Sit 

si"  2SNeb  cos^Xcos^b 


ca)  »c^2^  (X**  X2,  )  U)  a:  u>  +  iu>  /20 

1  26'  ’  NTe  me  me  vNt€  ’  , .  c, 

(4.  5) 

in  which  is  the  unloaded  quality  factor  of  the 

trapped  energy  resonator  in  the  NTeth  mode.  As  in 
previous  wor)^  the  trapped  energy  resonant  fre¬ 
quency  o^Te  and  wave-  and  decay  numbers  ,  Hje  > 

§nT  and  have  been  obtained  by  finding  the  funda¬ 
mental  roots  of 

tnt  -v-L'Vtf  - 

x  1/2 

v  tan  7  b  =  f — —  6  -  v2  "1  (4.6) 

Ne  Ne  Lc,c  N  NeJ  ’ 


(1)  1/2  2  2  2 

aN-  (Nn/2h)  (c  /p)  I  (4k26/N  TT  )  +  R]  ,  (4.7) 

and  5tt  and  are  related  to  the  eigenfrequencies 
ut,TE  through  (3.10)  and  (3.14)ltS  and  the  first 
three  of  the  dispersion  equations 

SlSlT  +  C55Sie  "  kNStte  “  °  ’  SlSlT  ”  C55VNe  + 

+  Vftre  *  0  ’ 

—2  t2  ^2  (-2 
MN^NT  +  C55VNe  +  kNeNTC  “  0  ’  MnSit  +  C55VNe  + 

+  Vvre  *  0  ’  (4'8) 
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where 


(4.9) 


(4.17) 


k 

it 


(5<1’p>1/2Na/>1  . 


The  last  dispersion  equation  in  (4.8),  which  is  for 
the  corner  region,  is  not  required"'  .  Some  results 
obtained  from  this  part  of  the  analysis  for  the 
fundamental  and  an  overtone  mode  are  given  in 
Table  III.  For  a  given  Z:b:h  ratio  the  condition  for 
the  existence  of  only  one  trapped  mode  for  a  given 
N  has  been  obtained"  fxom  this  part  of  the  analysis 
by  finding  the  condition  for  the  existence  of  exact¬ 
ly  two  trapped  symmetric  modes  at  the  upper  limit¬ 
ing  frequency  as  in  the  strip  electrode 

ca se1  e' * 1  .  From  the  analysis,  the  condition  for 
only  one  trapped  mode  can  be  written  in  the  form 


NT€ 


Co  “  *bte22 (1 +  ^26)/2h  ’ 

16c22^26  8in2  lNT*  Si"2  5M«h/,,2"2M«: W‘  ’ 

(4.18) 


are  called  the  static  capacitance  and  motional 
capacitance,  respectively,  and  have  been  calculated 
for  a  few  typical  cases  and  are  given  in  Table  ill. 
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-v/c 


(15 


<v 


fl2  2>1/2 

+  C55®  Y  > 

1  /k26 

>Nh  4 

N  -n 


R) 


,1/2 


(4.10! 


where  de  is  a  particularly  useful  dimensionless 
trapping  parameter  since  it  is  independent  of  R, 

»  =  p-v^x,  YC l/h •  (4-U) 


and  a  is  either  the  first  or  second  root  of 
o  tan  at  =  (c^/M  ) 1/2  ( (3n/2)  -  O']  y  , 

and 


0  =  (3n/2)  -  or , 


(4.12) 

(4.13) 


and  for  (4.10)  we  must  have  y  <  1.  For  y  >  1  the 
form  of  (4.10)  changes11  .  The  smaller  of  the  two 
de  thus  determined  is  the  maximum  value  permissible 
for  only  one  symmetric  trapped  mode  to  exist.  The 
results  of  some  typical  calculations  of  d^  for  the 
fundamental  and  an  overtone  mode  are  given  in 
Table  II. 


The  admittance  YMre  of  this  rotated  Y-cut 
quartz  plate  operating  in  the  NTeth  trapped  energy 
mode  is  obtained  by  substituting  from  (4.1),  with 
(4.3),  into  (2.6),  which  is  then  substituted  into 

t  b 

I  *  -  4  [  J  £>2  dx^dx^  ,  (4.14) 

o  o 


while  employing  (2.22)  and  (2.31)1  and  neglecting  u^ 
as  compared  with  ,  with  the  result 


4bf  line 

V-—25T2  (I  +  *26>  + 


4iu*224k26  8i"2  ?NTisln2  V1 


(4.15) 


where 


4-4'»ul' 


22 


(4. 16) 


The  quantities  C3  and  defined  by 


References 


1.  H,F.  Tiersten,  "Analysis  of  Intermodulation  in 
Thickness-Shear  and  Trapped  Energy  Resonators," 
J.  Acoust.  Soc.  Am.,  57,  667  (1975). 

2.  H.F.  Tiersten,  “Analysis  of  Trapped  Energy 
Resonators  Operating  in  Overtones  of  Coupled 
Thickness  Shear  and  Thickness  Twist,"  J.  Acous. 
Soc.  Am.,  59,  879  (1976). 

3.  E.P.  Eer  Nisse,  "Quartz  Resonator  Frequency 
Shifts  Arising  from  Electrode  Stress,”  Proceed¬ 
ings  of  the  29th  Annual  Symposium  on  Frequency 
Control.  U.S.  Army  Electronics  Command,  Fort 
Monmouth,  New  Jersey,  1  (1975). 

4.  A.  Bailato,  E.P.  Eer  Nisse  and  T.J.  Lukaszek, 
"Experimental  Verification  of  Stress  Compensa¬ 
tion  in  the  SC-Cut,”  1978  Ultrasonics  Symposium 
Proceedings,  IEEE  Cat.  No.  CH  1344-lSU,  Insti¬ 
tute  of  Electrical  and  Electronics  Engineers, 
New  York,  144  (1978). 

5.  A.  Bailato,  "Doubly  Rotated  73110)01688  Mode 
Plate  vibrators,"  in  physical  Acoustics,  edited 
by  W.  P.  Mason  and  R.N,  Thurston  (Academic,  New 
York,  1977),  Vol.XIII,  Sec. V. A. 2. 

6.  R.L.  Filler  and  J.R.  Vig,  '"Hie  Acceleration  and 
warmup  Characteristics  of  Four-Point -Mounted 
SC-  and  AT-Cut  Resonators,"  Proceedings  of  the 
35th  Annual  Symposium  on  Frequency  Control. 

U.S.  Army  Electronics  Research  and  Development 
Command,  Fort  Monmouth,  New  Jersey  (1981). 

7.  Normal  coordinates  have  been  used  in  this  man¬ 
ner  before  in  the  determination  of  the  disper¬ 
sion  relations  at  the  cutoff  frequencies  for 
propagation  along  the  digonal  axis  in  a  mono- 
clinic  crystal  plate  by  R.K.  Kaul  and  R.D. 
Mindlin,  "Vibrations  of  an  Infinite,  Monoclinic 
Crystal  Plate  at  High  Frequencies  and  Dong 
Wavelengths,"  J.  Acoust.  Soc.  Am.,  34,  1895 
(1962). 

8.  Not  all  the  constants  that  have  been  neglected 
are  actually  that  small.  However,  although 
including  them  would  increase  the  accuracy  of 
the  results,  it  would  complicate  the  solution 
for  the  plate  waves  in  a  nontrivial  way. 

9.  H.F.  Tiersten,  Linear  piezoelectric  Plate 
Vibrations  (Plenum,  New  York,  1969),  Chap. 7, 
Sec. 1. 

10.  IEEE  Standard  on  Piezoelectricity  -  IEEE  Std. 

176-1978,  Institute  of  Electrical  and  Electron¬ 
ics  Engineers,  New  York. 


210 


11. 


For  more  detail  see  D.S.  Stevens  and  H.F. 
Tiersten,  "An  Analysis  of  SC-Cut  Quartz 
Trapped  Energy  Resonators  with  Rectangular 
Electrodes,"  to  be  issued  as  a  technical  re¬ 
port,  Rensselaer  Polytechnic  Institute,  Troy, 
New  York. 

12.  W.L.  Ferrar,  Algebra  (Oxford,  London,  1941), 
Chap. XII,  Sec. 2. 2. 

13.  Ref. 9,  Chap. 9,  Sec. 2;  Ref. 10,  Sec. 4. 3. 

14.  H.F.  Tiersten,  "Electromechanical  Coupling 
Factors  and  Fundamental  Material  Constants  of 
Hiickness  Vibrating  Piezoelectric  Plates," 
Ultrasonics,  8^  19  (1970). 

15.  Ref. 5,  Sec. III. 

16.  R.D.  Mindlin  and  P.C.Y.  Lee,  "Thickness-Shear 
and  Flexural  Vibrations  of  Partially  Plated 
Crystal  Plates,"  Int.  J.  Solids  Structures,  2^ 
125  (1966). 

TABLE  I 


TABLE  III 


N 

NR 

u>  /2n- 
Nre 

CNT€ 

(ff) 

i 

0.01 

9.93421 

2.51 

1 

0.02 

9.84291 

3.27 

1 

0.03 

9.74772 

3.71 

3 

0.01 

29.91202 

0.45 

3 

0.02 

29.81373 

0.  52 

3 

0.03 

29.71459 

0.  57 

Unelectroded  thickness  frequency  <ju^/2h  *  10  HJz 

Electrode  dimensions  *  2t  =  3  mn,  2b  *  3  iron, 

T  -  1,  e  *  1 

C  -  1.94  pf 

o 


ij  or  k l  11 

p  or  q  1 


22  33  23  31 

2  3  4  5 


12  32  13  21 

6  7  8  9 


TABLE  II 


N 

Y 

or 

dB 

i 

.01 

>  tt 

2.743 

i 

1 

>  T7 

2.862 

i 

1.1 

>  n 

2.620 

i 

1 

<  1/2  TT 

2.572 

i 

1.1 

<  1/2  tt 

2.477 

i 

100 

<  1/2  TT 

2.382* 

3 

1 

>  TT 

2.674 

3 

1. 1 

>  TT 

2.455 

3 

1 

<  1/2  TT 

2.761 

3 

1.1 

<  1/2  TT 

2.705 

Unelectroded  thickness  frequency  u)^/2tt  *  10  MHz 

Electrode  dimensions  2i  =  5  mm  (*2b»  5  mm) 

NR  =  0.01. 
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Figure  1  Schematic  Diagram  Showing  the  Original  Coordinate  System,  the 
thickness  Solution  Eigen-Displacement  Coordinate  System  and 
the  Projection  of  the  Eigen-Displacement  u,  on  the  Plane  of 
the  Plate 


Figure  3  Schematic  Diagram  Showing  a  Cross-Section 
of  the  Trapped  Energy  Resonator 


Figure  2  Plan  View  Showing  the  Original  Coordinate 
System,  the  Transformed  Coordinate  System 
in  the  Plane  of  the  Plate  and  the  project- 
of  the  Thickness  Solution  Eigen-Displace¬ 
ments  Uj  and  on  the  Plane  of  the  Plate. 


Figure  4  Plan  View  of  the  Trapped  Energy  Resonator 
Showing  One  Quadrant 
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STRESS  COMPENSATED  ORIENTATIONS  FOR  THICKNESS-SHEAR  QUARTZ  RESONATORS 


Bikash  K.  Slnha 


Schlumberger-Doll  Research 
P.  0.  Box  307,  Old  Quarry  Road 
Ridgefield,  Connecticut  06877 


It  Is  well-known  that  a  thickness-mode, 
quarts  resonator  changes  its  resonant  frequency 
as  a  function  of  temperature,  planar  stresses  in 
the  plate  and  the  biasing  electric  field 
(d.c.  bias).  While  the  loci  of  orientations 
which  exhibit  zero  temperature  coefficients  of 
frequencies  and  zero  polarizing  effect  have  been 
studied  in  detail,  the  locus  of  orientations 
with  zero  mean  force  sensitivity  coefficient  has 
been,  heretofore,  obtained  only  over  a  small 
range  of  orientations.  In  this  paper  we  report 
on  an  exhaustive  study  of  the  variation  of  the 
mean  force  sensitivity  coefficients  in  the 
entire  primitive  region  of  the  crystalline 
quartz.  The  computational  results  for  the 
stress  compensated  orientations  for 
thickness-shear  modes  snow  an  Interesting  cubic 
behavior  in  the  neighborhood  of  the  SC-cut.  The 
loci  of  orientations  with  zero  temperature 
coefficients  of  frequency  at  25°C  and  stress 
compensated  frequency  characteristics  are  shown 
to  be  orthogonal  at  the  SC-cut  which  is  in 
agreement  with  a  previously  reported 
investigation.  Other  orientations  with  large 
mean  force  sensitivity  coefficients  have  also 
been  identified.  The  computational  results  have 
been  obtained  from  a  procedure  which  has  been 
successfully  employed  in  the  study  of  the  planar 
stress  induced  frequency  shifts  in  thickness 
mode  quartz  resonators.  Both  the  fast  and  slow 
thickness-shear  modes  have  been  studied.  Among 
other  things,  new  stress  compensated 
orientations  which  lie  also  on  the  first  order 
temperature  compensated  locus  for  the  fast 
thickness-shear  mode  of  vibration  have  been 
identified. 


Introduction 

A  thickness  mode  quartz  resonator  when 
subject  to  an  externally  applied  load,  a  change 
in  temperature  or  a  biasing  electric  field, 
generally  changes  its  resonant  frequency  as  a 
result  of  changes  in  the  effective  elastic 
stiffnesses  and  plate  geometry.  '  i  While  the 
temperature-frequency  characteristics  have  been 
studied  in  greater  detail  by  various  workers,  a 
relatively  lesser  amount  of  work  has  been 
reported  on  the  force- frequency  characteristics 
in  the  existing  literature.  A  knowledge  of  loci 
of  orientations  which  exhibit  zero  me;  n  force 


frequency  coefficient,  along  with  the  zero 
temperature  coefficient  locus  plays  an  Important 
role  in  the  design  of  high  precision 
thickness-shear  quartz  resonators  for  various 
applications.  Although  the  force- frequency 
effect  in  thickness-mode  quartz  resonators  has 
been  demonstrated  both  experimentally  and 
theoretically  by  several  workers,  the  loci  of 
stress-compensated  orientations  has,  heretofore, 
been  reported  i  only  over  a  small  range  of 
orientations  around  the  well-known  SC-eut. 

The  application  of  high  precision  quartz 
resonators  in  the  development  of  pressure 
sensors  with  fast  response  time,  large  dynamic 
range  and  over  an  extended  temperature  range  may 
necessitate  dual  mode  operation  of  the 
resonator.  One  of  the  procedures  for 
temperature  compensation  in  pressure  sensors 
entails  two  Independent  frequency-shift 
measurements  on  B-  and  C-modes  of  the 
thickness-shear  resonator  subject  to  changes  in 
the  ambient  pressure  and  temperature.  The 
choice  or  an  optimum  orientation  for  the  dual 
mode  operation  of  thickness-shear  resonators  for 
such  pressure  and  temperature  measurements  is 
greatly  facilitated  by  the  availability  of 
stress  and  first  order  temperature  compensated 
loci  of  orientations.  An  optimum  orientation 
may  be  the  one  which  lies  on  tne  temperature 
locus  for  C-mode  and  stress  locus  Tor  B-mode  of 
vibrations.  Thus,  the  former  mode  of  vibration 
essentially  measures  the  pressure  acting  on  the 
crystal  resonator  whereas  the  latter  mode 
essentially  measures  the  temperature.  It  is,  of 
course,  understood  that  the  circular  plate  is 
under  radial  compressive  stresses  resulting  from 
radial  forces  acting  along  its  periphery.2’ 

The  present  study  provides  computational 
results  for  the  force- frequency  effect  in  both 
the  fast  and  slow  thickness-shear  quartz 
resonators.  In  particular,  loci  of  stress 
compensated  orientations  for  B-  and  C-modes  of 
vibration  have  been  obtained  .  The  mean  force 
sensitivity  curves  for  fast  thickness-shear  mode 
contain  several  zero  crossings  along  with  the 
maximum  deviation  of  the  mean  force  sensitivity 
coefficient  <Kj.>  limited  to  about 
±  6xt<T*  m.sec/N,  whereas  the  corresponding 
curves  for  the  slow  thickness-shear  mode  of 
vibration  exhibit  relatively  fewer  zero 
crossings  along  with  larger  deviation  or  such 
force  sensitivity  coefficients.  The  maximum 
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Bean  force  sensitivity  coefficient  has  been 
found  to  occur  for  a  rotated  Y-cut  quartz  with 
the  rotation  angle  approximately  equal  to  55° 
and  for  the  slow  thickness-shear  node  of 
vibration. 

A  superposition  of  zero  mean  force 
sensitivity  and  first  order  temperature 
coefficients  loci  indicates  that  there  are, 
Indeed,  orientations  which  are  both  stress  and 
temperature  compensated  for  the  fast  as  well  as 
slow  thickness-shear  modes  of  vibration.  Such  a 
st-ess  compensated  orientation  (SC-cut)  for  the 
slow  thickness-shear  mode  of  vibration  has  been 
previously  reported’  and  is  in  good  agreement 
with  the  present  calculations.  There  has  been  a 
growing  interest  in  the  stress-compensated 
orientation  for  the  slow  thickness-shear  mode 
(SC-cut)  because  it  also  lies  on  the  temperature 
locus,  possesses  faster  warm  up  time’  and 
exhibits  improved  aging  characteristics  since 
electrode  Induced  Isotropic  stresses  have  no 
Influence  on  the  change  in  resonant  frequency. 
Of  the  three  stress  and  temperature  compensated 
orientations  for  the  B-mode  of  vibration  in  the 
region,  -90°< A<90°  and  0°<$<30°,  one  of  the 
orientations  (  $  =  1°,  0  =  23°)  is  in  the 
vicinity  of  coalescence  of  B-  and  C-modes  of 
vibration  whereas  the  other  two  orientations 
($=13  ,  8  =  -2T . 5°)  and  ($  =  14.2°,  8  =  -30'5) 
may  have  useful  practical  applications.  The 
material  Q  for  the  fast  thickness-shear  mode  is 
usually  higher  than  the  slow  thickness-shear 
mode  as  is  the  case  with  BT-cut  over  that  of 
AT-cut.2>-25  Such  a  consideration  when 
applicable,  would  enhance  the  short-term 
frequency  stability  of  resonators  which  employ 
the  Tast  thickness-shear  (B-)  mode  of  vibration. 
The  aforementioned  stress  and  temperature 
compensated  orientations  for  the  B-mode  of 
vibration  would  also  exhibit  faster  warm-up  time 
and  Improved  aging  characteristics,  inasmuch  as 
anti-symmetric  biasing  stresses  do  not  affect 
the  resonant  frequency  of  thickness-shear  mode 
of  vibration  in  the  first-order  approximation. 

An  orientation  ($  =  '6.3°,  9  =  -34.5°) 
which  lies  on  the  temperature  compensated  locus 
for  C-mode  of  vibration  and  stress  compensated 
locus  for  B-mode  of  vibration  has  also  been 
identified.  Such  an  orientation  can  have  useful 
application  in  the  fabrication  of  resonators  for 
pressure  sensors  over  an  extended  temperature 
range  and  where  dual  mode  operation  is 
envisioned  for  teaiperature  compensation.  In 
view  of  the  uncertainty  of  the  basic  material 
constants  along  with  approximations  in  the 
analytical  model,  it  is  conceivable  that  the 
actual  orientations  may  differ  by  about  x  2  . 
It  is  also  important  to  note  that  a  small  degree 
of  discrepancy  between  the  temperature 
compensated  loci  for  B-  and  C-modes  of  vibration 
and  experimental  data  are  known  to  exist.  ' 


Stress  Distribution  in  Circular  Plates 


A  schematic  diagram  of  a  circular  plate 
subject  to  a  pair  of  diametrical  forces  is  shown 
in  Fig.  1.  The  stress  distributions  in  such 
plates  have  been  analyzed  by  many  workers  (Refs. 
7,12,15,23).  In  the  case  of  isotropic  plates, 
the  stresses  at  the  center  of  the  plate  can  be 
obtained  from  the  solution  of  blharmonlc 
equation  in  the  Airy's  stress  function  .  The 
magnitude  of  such  stresses  at  the  center  due  to 
a  pair  of  diametrical  forces  acting  along  the 
axis  are  given  by 
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0, 


and  T^  are  the  compressive, 


where  T,,,  T 
tensile  ancr  shear  J  stress  components, 
respectively;  F  is  the  magnitude  of  force,  2h 
and  D  are  the  thickness  and  diameter  of  the 
disk,  respectively.  However,  in  the  case  of 

anisotropic  plates,  the  biasing  stresses  may  be 
determined  from  the  solution  of  generalized 
blharmonlc  equation  .  The  values  of  stresses 
at  the  center  are  dependent  on  the  elastic 
stiffnesses  of  material.  The  procedure  for  the 
determination  of  biasing  stresses  in  anisotropic 
circular  plates  subject  toji  pair  of  diametrical 
forces  has  been  outlined.  The  stresses  at  the 
center  of  the  plate  have  been  employed  to 
compute  the  balslng  strains  from  the  appropriate 
constitutive  relations  for  thin  anisotropic 
plates.  A  homogeneous  state  of  biasing  stresses 
has  been  assumed  in  view  of  the  commonly  used 
trapped  energy  modes  of  vibration  which  are 
obtained  by  partial  electroding  and  contouring 
of  resonators.  The  stress  distribution  due  to  a 
pair  or  concentrated  forces  is  nonuni  Tore  in  the 
plane  of  the  plate,  and  is,  perhaps  responsible 
for  the  small  discrepancy  between  the 
computational  and  experimental  results.  Since 
an  Infinitesimal ,  homogeneous  rigid  body 
rotation  does  not  contribute  to  the  fractional 
change  in  the  resonant  frequency,  the  biasing 
displacement  gradient  can  be  simply  obtained 
from  the  biasing  strains.  Finally,  the  stress 
Induced  frequency  shift  is  expressed  in  terms  of 
the  force- frequency  sensitivity  coefficient  X 
as  defined  by  Ratazskl’  and  employed  by  latAr 
workers.  The  average  edge  force- frequency 
coefficient  for  uniform  loading  along  its 
periphery  is  obtained  by  integrating  the 
force- frequency  coefficient  due  to  a  pair  or 
diametrical  forces  over  half  the  circumference 
or  the  circular  plate  as  discussed  in  the  next 
section. 


Stress.  Induced  Frequency  Shifts 


The  force  sensitivity  coefficient 
defined  by 

v  Of  2hD  1 

f  "  f  F  N  ’ 
o 


where  A f/f  is  the  fractional  change  in  the 
resonant  frequency  due  to  the  application  of  a 
pair  of  ln-plane  forces  F(ln  Newtons)  at  the 
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circular  boundary,  N  is  the  frequency  constant 
(in  m/sec),  2h  and  D  (in  meters)  are  the 
thickness  and  diaaeter  of  the  plate  resonator, 
respectively.  When  the  circular  resonator  is 
subject  to  a  uniform  distribution  of  normal 
forces  along  its  c  ire  inference ,  such  a^ 
quartz  pressure  sensors  for  well  logging,  • 
the  total  fractional  change  in  the  resonant 
frequency  may  be  described  in  terms  of  the 
average  force  sensitivity  coefficient  <K^.>.  The 
principle  of  linear  superposition  is  shown  to  be 
valid  in  such  cases  and  the  average  force 
sensitivity  coefficient  is  given  by 
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and  t’  e'  and  w  ,  are  the  static  biasing 
stresses ,  ^Trains  arw  displacement  gradients, 
respectively.  The  remaining  quantities  C^( 
and  C  In  Eq .  (8)  are  the  second-order  and 

thi-d-OHier  elastic  stiffnesses,  respectively. 

The  solution  for  thickness-shear 
vibrations  of  quartz  plates  with  shorted 
electrodes  on  the  major  surfaces,  which  are 
normal  to  the  X?  axis  (Fig.  ’>  has  the  form 


u  -S'  <;(n,A(n>si„n  X  exp ( 1 , 
y  y  n  Z 


when*  K  is  the  force  sensitivity  coefficient 
for  a  pair  of  diametrical,  in-plane  forces  F 
whose  direction  makes  an  angle  *  with  the 
X,  axis  in  the  plane  of  the  plate. 

The  fractional  change  in  the  resonant 
frequency  of  a  circular  plate,  t.hickness-3hear 
quartz  resonator  subject  to  a  pair  of 
diametrical  forces  has^  been  obtained  from  a 
perturbation  prof'edure^  for  the  small  dynamic 
'Melds  superposed  on  a  static  bias.  The  first 
perturbation  of  the  eigenvalue  due  to  a  st.at  i- 
bias  mav  be  written  in  the  form 


where  .  and  are  the  unperturbed  and  perturbed 
e  igenfrequen-'  les  f  r  the  m-»h  mode  of  vibration, 
r  e  s  p  e  ♦  i  ve  i  y  .  The  perturbation  integral  1  •* 

given  by 


where  the  nonlinear  portion  of  the 
f l ol a-K l r^hhoff  Stress  tensor  has  the  form 


)exp ( fwt ) I 


where  ur  and  V  are  the  mechanical  displacement 
and  electric  potential,  respectively.  The 
coefficient  L  i*  ^iven  by 

L  .  1  V  f<n)  ,22’A(n)sln-,  h  ,  (11) 

h  '  n 

n-1 

and  other  relevant  details  are  given  in  Refs. 
22  and  P9 .  Substitution  of  fcq .  (  1 0 )  into  (7  i 

yields  the  normalization  factor 
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It  is  important  to  note  that  the  biasing 
stresses,  strains  and  displacement  gradients 
must  be  referred  to  the  same  cooruinate  system 
as  that  of  the  dynamic  eigensol  ut  ion  with  the 
aid  of  the  usual  tensor  transformation  relations 
and  the  appropriate  azimuthal  angle. 
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In  Eqs.  ! c -6  '  gY  denotes  the  normalized 
e  igensoi  ut  ion  vector  for  the  m-th  mode  of 
vibration  as  shown  in  F.q .  i  7  I .  The  nonlinear 
portion  of  the  effective  elastic  stiffnesses  is 
given  by 

C|  .M-i”  r!X  ,  S  ,M'lABKAll  *  *T  ,KMW  i,K  <H> 


Calculations  have  been  performed  for  the 
mean  force  sensitivity  coefficient  <K_>  for 
*  h \ ckness- shear  modes  of  vibration  and  various 
orientations.  The  second-order  elastic 
stiffnesses,  piezoelectric  and  dielectric 
constants  employed  in  ^e  calculations  are  those 
from  Bechmann's  work,  whereas  the  third-order 
elastic  constants  have  been  taken  from  Thurston, 
McSktmln  and  Andreatch  paper.  Figs.  show 
the  frequency  constant  and  average  force 
sensitivity  coefficient.  <Kj.>  for  the  fast, 
t  h  \  ckness- shear  mode  of  vibration  as  a  function 
of  the  rotation  an^le  with  angle  ♦  fixed  at 
intervals  of  ’0  .  The  variations  of 
corresponding  quantities  for  the  slow 
thickness-shear  mode  of  vibration  are  shown  in 
Figs.  b-9.  The  loci  of  stress  and  temperature 
compensated  orientations  for  B-mode  of  vibration 


nv^r  different  ranges  in  orientations  are 
depicted  in  Figs.  '0  and  it.  The  region  around 
the  "horn"  is  of  practical  importance  because 
the  temperature  and  stress  loci  intersect  in  its 
vicinity.  The  loci  of  stress  and  temperature 
compensated  loci  for  C-mode  of  vibration  are 
shown  in  Figs.  12  and  ’3.  It  is  interesting  to 
note  the  cubic  behavior  of  the  stress  locus  in 
the  neighborhood  of  the  well-known  SC-cut.  The 
orthogonality  of  the  stress  and  temperature  loci 
at  the  SC-cut  is  in  agreement  with  previous 
investigations.  The  first  order  temperature 
compensated  loci  for  both  the  thickness-shear 
modes  of  vibration  are  from  the  work  of 
Bechmann,  Ballato  and  Lukaszek.  Table  I 
contains  characteristics  of  new  orientations  for 
thickness-shear  quartz  resonators  with  potential 
applications  in  frequency  control  and 
development  of  pressure  and  temperature  sensors. 
As  stated  in  the  Introduction,  the  actual 
orientations  may  differ  by  about  ±  2  degrees 
because  of  uncertainties  in  material  constants 
and  approximations  in  the  analytical  procedure. 


The  author  wishes  to  thank  Dr.  Robert  P.  Porter 
for  support  and  encouragement,  and  Mr.  Thomas 
Muricchio  for  help  with  the  calculations. 
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Table  I 

Charac t  e_r_l s tics  of  New  Or  ten tatlons  for 
Thlcknes.  -Shear  Quartz  Resonators  with 
Potent l a  1  applications  In  Frequency  Control 
and/or  Pressure  Sensors 


Figure  1.  A  Schematic  Diagram  of  a  Thickness- 
Shear  Quartz  Resonator  Plate  with  a 
Pair  of  Diametrical  Forces  F  Acting 
or,  it  at  an  Angle  a  from  the  Digonal 
Axi  «s . 


Orientat ion 

0 _ 9 


Characteristics 


13°  -27. 5° 

14.2°  -30° 


Stress  and  temperature  compen¬ 
sated  for  B-mode  of  vibration. 


7°  20.2° 
24.7°  27.8° 
22.8°  -49.3° 


Stress  compensated  for  both  B- 
and  C-modes  of  vibration. 


L6.3  -34.3 


Stress  compensated  for  B-mode 
and  temperature  compensated 
for  C-mode  of  vibration. 


55 


Largest  mean  force  sensitivity 
coefficient  (  Kf  ■  20x10“* 
m.sec/N)  for  C-mode  of  vibra- 
t  ion . 


iBmmcLsomAhjs 

FQBJ3&l£faATK?NS  WITH 


Figure  2a.  Frequenrv  Constants  for 
B-Mode  of  Vibration  as  a 
Function  of  6  with  $  -  0. 
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Fr»rie  Srnsii i v it >  C'orffiuent 

FRFQ  CONST  <  KH/  ml  ‘m  sec/M 


MEAN  JQRIJL^SJII Ylir_CQ£fF!CI£t<TS 
Eflfi-QfilEfilATIONS  WITH  *=  0.000* 


1,1(1  H(  hi!  40  2(1  0  20  40  60  80  100 

Angle  fl  (degrees) 

ut«»  2b.  Mean  Force  Frequency  Coefficients 
for  B-Mode  of  Vi brat ion  as  a 
Function  of  -  with  4  -  0. 
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Figure  4a.  Frequency  Constants  for 
B-Mode  of  Vibration  as  a 
Function  of  6  with  4  -  20°. 


F'R EQC'ESCY  CONSTANTS 
FOR  ORIENTATION?  WITH  ♦  10000° 


Angle  f>  (degrees) 

Figure  la.  Frequency  Constants  for  B-Mode 
of  Vibration  as  a  Function  of 
*  with  t  -  10°. 
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Figure  4b.  Mean  Force  Sensitivity  Coeffi 
dents  for  B-Mode  of  Vibration 
a  Function  of  **  with  *  -  20°. 
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Summary 

A  *> ,  tf  ot  one-d  imens  iona  I  equations  governing 
the  extensions!  (contour)  modes  of  vibrations  in 
rectangular  crystal  plates  is  derived  from  the  Cauclry- 
Voight  two-dimensional  equations  of  extensional  mo¬ 
tion  ot  an  iso i ropic,  elastic  plates.  The  system  of 
equations  is  further  divided  into  two  groups  of  equa¬ 
tion  »  governing,  separately,  the  symmetric  (contour 
extensional)  and  antisymmetric  (contour  shear)  modes 
of  v i hr  a t ion > ,  by  setting  the  elastic  stiffness  co¬ 
efficients  •  |  =  •  35>  “  0  in  order  to  neglect  the 

coupling  effect  between  the  two  groups. 

Close  form  solutions  of  contour  extensional  vibra¬ 
tions  are  obtained  for  rectangular  crystal  plates 
satisfying  the  t ract ion- free  conditions  at  four  edges. 
Dispersion  relations  and  frequency  equations  are  ob¬ 
tained  in  explicit  form  for  the  first  three  contour 
ex  ten  i  on  a  1  modes  . 

Resonance  frequencies,  for  various  contour  exten¬ 
sional  modes  are  computed  as  a  function  of  the  length 
lo-width  ratio  (a/c)  of  plates.  Predicted  results 
am  compared  with  the  detailed  measurements  for  rec¬ 
tangular  GT-cuts  with  close  agreement.  Two-dimen¬ 
sional  vibration  patterns  have  also  been  calculated 
at  resonances  for  different  values  of  a/c  ratio. 

Int  roduct ion 


Extensional  vibrations  of  thin,  rectangular  crys¬ 
tal  plates  have  beer*  studied  by  many,  both  analyti¬ 
cally  and  experimentally.'"^  In  terms  of  the  two- 
dimensional  Governing  equations  of  Cauchy- Vo i ght , 
or  Hindi  in's'  zero-order  equations,  of  extensional 
vibrations  of  elastic,  anisotropic  plates,  most  of 
these  solutions  can  be  described  as  approximate  ex¬ 
cept  in  very  few  cases  in  which  special  values  of 
length- to-wi dth  ratio  and  special  values  ot  elastic 
constants  of  the  plate  are  considered.  Ekstein*4 


equations  from  the  three-dimensional  equations  of 
elasticity.  **'  Then  the  second-order  equations  for 
symmetrical  extensional  vibrations  are  extracted 
from  the  infinite  system,  and  the  close  form  solu¬ 
tions  are  obtained  which  satisfy  the  t rac t i on- f ree 
conditions  on  a  I  1  four  edges. 

Dispersion  relation  with  complex  wave  numbers  is 
calculated.  Two  correction  factors  k|  and  k2 
have  been  introduced  in  the  stress-displacement  re¬ 
lations  in  order  to  improve  the  accuracy  of  the  first 
frequency  branch  (the  lowest  branch  in  the  -Rez 
plane  in  Fig.  2).  The  values  of  k|  and  k2  are 
determined  by  matching  the  slope,  d:/dz,  to  the 
values  of  that  obtained  from  the  three-dimensional 
theory  as  1  and  z,  either  approaching  zero 
or  becoming  very  large  as  compared  to  1. 

F  (uency  spectra  have  been  computed  and  com¬ 
pared  th  experimental  results'®  for  GT-cuts  and 
also  for  square  plates  (a/c  =  1)  of  Y-  and  Z-cuts. 

Two-Dimensional  Plate  Equations 

Consider  a  rectangular  plate  of  length  2a,  thick¬ 
ness  2b,  and  width  2c  in  a  rectangular  coordinate 
system  ( x  j )  as  shown  in  Fig.  1(a).  The  Cauchy- 
Voi  ght®  equations  of  extensional  motion,  or  Mindlin's? 
zero-order  stress  equations  of  motion  of  crystal 
plates,  may  be  written  as 


(I) 


11,1 

+  T 1  3 . 3 

'3,1 

1  +  T  33 , 3 

and  the  stress-displacement  relations 


derived  his  analytical  solution  by  a  perturbation 
method  and  calculated  frequencies  and  mode  shapes 
for  square  plates.  Onoe-3  took  an  approach  based  on 

Ti  i  ■ 

’  1 1 u  1 . 

,  +  ' 1 3U 

3,3  + 

15* 

u3.» 

+  ul  ,  3 

T,,  = 

f  _  ,  U  , 

.  +  >  _  U 

+ 

•351 

♦  U  ,  ' 

the  energy  principle  (Lagrange's  principle)  so  that 
the  strain  energy  due  to  the  non-zero  stresses  on 

33 

31  l , 

1  33 

3,3 

3,1 

)  ,3 

the  t ract i on- f ree  edges  (say  at  x^  =  'c)  is  mini- 

Tl 3  ’ 

' 51 U1  , 

1  +  ’ 53u 

3.3  + 

'55* 

‘ u  3 . ' 

+  ul  ,3 

mized.  In  both  of  the  last  two  papers,  predicted 
results  were  compared  to  observed  ones  with  good 
ag  reemen  t . 

In  the  present  paper,  we  first  derived  a  system 
of  one-dimensional  plate  equations  from  the  Cauchy- 
Vo i ght  two-dimensional  equations  by  a  procedure  em~ 
ployed  previously  in  deriving  two-dimensional  plate 


(2) 


where  uj  (i  =  1,3)  is  the  displacement  components 
in  the  x;  direction  of  a  plate  element  which  is 
originally  parallel  to  the  X2  axis,  Tjj  the  in¬ 
plane  stress  resultant,  p  the  mass  density  of  the 
plate,  and  ypq  related  to  the  elastic  stiffness 
coefficients  cpq  by  the  relations 
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'pq  “  Cpq  ‘  C6pcq6/c66 

P,q  =  1 

,3,5 

Cpq  “  °Pq  ’  CApCq4/cAA 

P,q  »  1 , 

.3.5.6  (3) 

Cpq  Cpq  C2pCq2/c22 

P.q  *  1 , 

3, A. 5, 6 

These  equations,  (|)  and  ,•>)  .  , 

-d  the  traction-free  conii  lions 

have  been  taken  into  account  in  (1).  ?  ~  b 

One-Oimens iona 1  Plate 

Equations 

In  order  to  approximate  equations  (I)  and  (2) 

-  42  .1 
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'  I  "1.1 


IO, 


r  5  7  3 .  I  * 
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I  h  I 

33 
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13 


f  n 


,  in) 
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f  n  I 
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-in! 
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1  "‘imt  •"  ■  o'  t  I  )  ,7, 


1  m,  3 1 


$ Y ^  trie  E  x  t  e  n  s  i  ona  \  V  i  brat  •  •  ins 

...  .  .  .  ,  (n)  (  n  ♦  I  ) 

In  i  i  0 '  ,  the  symmetrical  modes  (v.  ,v.  ; 

.  ( n ) 

”  =  i-venl  and  the  an t  i  - symme t r  i  v  a  I  cm.* Jos  fv'  , 
n  -  M 

v,  ;  n  =  ovld)  a»  o  coupled  thruuqn  the  nialeii.il 
% 

constants  •  |  f)  and  .  35  which  relate  the  exten- 

*»  i  ■  • '  i  <j !  st  it*  s  sos  Tj  and  T3  to  tho  shear  strain 

>fj  =  j  ♦  u|  3  as  it  may  be  seen  in  {?).  If  the 

.'aluos  of  15  and  .35  arc  small  as  compared  to 

those  of  .  j  | .  33 »  ’55*  ,,ru*  ’13*  we  ,nav  un“ 

covjp  1  o  tho  symmetrical  and  an  t  i  -  symme  t  r  i  ca  1  modes 
o*  vibration  in  (ID)  by  setting  *15  =  '35  =  0*  I  n 
the  cases  of  rotated  Y-cuts  and  GT-cut  (,  =  51"), 
tr.oso  two  values  are  practically  zero. 

A  second-order  symmetric  extensional  theory  can 
be  extracted  from  the  infinite  system  of  equations 
,8)  and  (10)  by 


(I)  -(1) 

that  k|  is  introduced  in  '|  and  '3  and  k  2 

1 1 .  ^  in  a  similar  manner  done  in  Ref.  8  and  9. 

We  nou*  that  (II)  are  essentially  identical  to  the 
one-dimensional  second-order  extensional  equations 
.»*  Ref.  9  except  in  which  cpq  are  replaced  by 
p,..  £q.  (1!)  is  also  similar  to  the  Mindlin- 

Mo J i c f  1 s  extensional  equations  for  elastic,  isotrop¬ 
ic  plate.1 

Dispersion  Relation  and  Correction  Factors 

We  select  solution  which  corresponds  to  the 
extensional  motion  symmetrical  with  respect  to  the 
X|  and  X3  axes 

» 0 )  «  .  f  »*it 

VI  =  Ao  s,n  xi  e 


(I)  .  i.t 

'3  =  Al  cos  -X1  e 


Set l i nq 
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::cc  rid-order  theory, 
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Equations  (II)  are  satisfied  by  (13)  provided 
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k  55  13  3.1 


The  vanisfiing  of  the  determinant  of  the  coefficient 
matrix  of  (!*♦)  for  nontrivial  solutions  leads  to  the 
dispersion  relation  which  may  be  written  as 

V6  +  V*  +  V2  +  *0  =  0  (l6) 


1  HCl'H-en  t  Re  I  a  i  I  'IMS  : 

,  /o  +  2* 
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!-  Ill  and  1121,  two  correct  ioii  factors  f  |  and 
- have  ueeo  ;ntroduced.  It  nay  be  seen  in  M2) 


‘2  [,il  "  8k  I Y 1 3/r  '  ('ll  +k2'55)'(A>55  "  "  ’ 

*  l6St;,3)2  V-  ',,(|-  '2)  2 
•Q  ■  2»<  2-S5>  2 

For  a  given  value  of  which  is  real  for  elastic 
system,  (lb)  may  be  regarded  as  a  bicubic  equation 


of  z  with  real  coefficients  l' ;  .  Hence  it  has 
three  pairs  of  roots,  designated  by 

’V  Z2  *  Z3 

where  Zj  can  be  real,  imaginary,  or  complex.  If 
complex  roots  exist,  they  must  appear  in  pairs 
which  are  complex  conjugates  to  each  other. 

Dispersion  curves  are  computed  from  (16)  and  are 
shown  in  Fig.  2  for  a  GT-cut  plate  of  quartz.  A  GT- 
cut  is  a  doubly  rotated  cut  which,  according  to  the 
1949  IRE  Standard,  may  be  obtained  by  a  rotation  of 
51°  about  the  X  axis  from  a  Y-cut  position,  and  then 
by  a  second  rotation  of  45°  about  the  plate  normal 
as  shown  in  Fig.  I (a) . 

The  values  of  >|j  of  GT-cut  (<ir  *  51°)  referred 
to  the  plate  axes  with  the  x\  axis  cor  respond i ng 
to  the  diagonal  axis  of  quartz  are  computed  by  (3) 
from  Bechmann's  values  and  are  listed  below,  in 
109  N/m2, 


1  1 

’  1 3  ■  ‘5-07 


y  3  -  m. s'* 


’55 


30.00 


yI5  ’  7 35 


0.43 


Figure  2  shows  that  there  are  three  cut-off  fre¬ 
quencies.  The  values  of  the  cut-off  frequencies 
wit1  zero  wave-numbers  can  be  obtained  from  the  de¬ 
terminant  in  (14)  by  setting  z  3  0,  and  their 
values  are 


=1,  and  2/ 
or  in  dimensional  form 


2c 


,,33/r 


'VS5' 


(18) 


(18') 


These  values  agree  well  with  those  from  the  three- 
dimensional  theory  of  elasticity. 

The  asymptotic  expression  for  the  first  branch 
for  i'.t;  <<  1  and  z  ■  <<  1  is  obtained  from  (16) 


8  .2-2  1  2 
'  ,2  IYI3JZ 


(19) 


For  (19)  to  agree  with  the  corresponding  expression 
2  -  -2  2 

=  (jjj  -  fj^)z  from  the  three-dimensional 
theory,  we  set 


(20) 


(,ll  '  k2 ' 55) 7  ' 


Therefore , 

d-:  I 


d2  r— V55  +  7> 

.  k2,55 


(21) 


(22) 


It  is  known  that,  for  large  z,  the  slope  of  the 
first  extensional  branch  approaches  to  surface  wave 
velocity,  i.e.,  in  dimensionless  form 


d__  i 
dz 


/'’337n 


(23) 


where  c  is  the  surface  wave  velocity. 


k^*  we  have 


By  substituting  (22)  into  (23)  and  solving  for 

k2  --y)  +  v2/^~h\  w 

2y „ L  z  z  v  J 

Values  of  k^  are  computed  from  (2k)  and  listed 
as  fot lows 


Plate 

Or i enta. 

v2  Yn 

Y55 

Z 

k2 

GT-cut 

0.2235  1  .0 

0.2619 

7 

0.7274 

GT-cut 

(4=61°) 

0.2klk  1  .0 

0.2878 

7 

0.6896 

Z-cut 

0.3502  1.0 

0,k298 

7 

0.7428 

Y-cut 

0.366k  0.7517 

0.4731 

10 

0.7315 

The  values  of  v  for  GT-cut  are  computed  according 
to  the  solution  of  Deresiewicz  and  Mindtin,  '  and 
those  for  Y-  and  Z-cuts  are  obtained  from  Ref.  Ik. 
The  values  of  z  are  chosen  so  that  (21)  is  sat¬ 
isfied  by  letting  (>  j  j  -  k^y^Jz2  =  kO. 

Freguency  Spectra 

The  appropriate  form  of  solution  of  (11)  in  case 
of  an  alternating  and  uniform  electric  field  is  im¬ 
pressed  over  the  faces  x^  =  "b  of  the  rectangular 
plate  can  be  written  as 


(0) 


J  A .  sin  f  x  e 
L-  0s  Is  «  1 


5-1 

3 


si 


-  7  A  cos  5  x  eiut 

3  5-1  ,S  5  ’ 


(25) 


The  slope  of  the  first  branch  for  both  |5i|_>>  I 
and  1  z\  *>  1  can  be  approximated  by  (tt*  *  k2  Y55*^) 


dz 


k2r55 


Vss 


-2 

r  I  3 


<Y|  |  -  k2 r553  z  + 


The  second  term  of  the  above  expression  can  be  fur- 
thur  simplified  by  dropping  as  compared  to 

( Y 1 1  -  k^Y^)  anc*  choosing  z *  so  large  that 


'|(2)  *  l.  r,2sAls  Sin  Vl  6 
s*  I 


IU)t 


where  the  amplitude  ratios  are  obtained  from  (14) 
A„ 
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and 

(ID 


Ms  55 

/(  /2c),  s  *  1,2,3  are  the  roots  of 


Y-Cut 

f (Eks  te i n) 

f (Bechmann) 

f (Present ) 

f,  (KHz) 

2.66  x  103 

2.68  x  103 

2.67  X  103 

f2 

2  .90 

2.3k 

4 

3.17 

3.13 

3.19 

The  t rac t i on- t ree  edge  conditions  at  x3  3  ’  c 
have  been  taken  into  account  in  (11)  by  settinq 

E !  ^  =0.  The  t rac t i on- f ree  conditions  at  edges 
x  =  ,1  require  that 


V 

*  j  =  'a 

*1 

~  *  a 

(27) 

Subs  t 

i  t  ut  i on  of 

(25) 

into  the  first  three 

equa  t i ons 

(  1 
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on 
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1  ead 
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i  mu  1 t  anoous 

1.2.3) 
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Au 

'Mn  M  1  2 

M 1 3 
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4.  4  2 
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A 1 2 
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The  cons i s tency  of  (28)  requires  that  the  deter- 
■’  •  nq 'i t  <:♦  coefficients  vanishes,  yielding  the  fre¬ 
quency  equation 

F  ,a/c,-.j)  =  M  rs  =  0,  r,s  =  1,2,3  (30) 

In  (30),  .jj  can  be  calculated  for  given  orienta¬ 
tions  of  the  cut,  and  a/c  is  determined  by  the 
dimensions  of  the  rectangular  plate.  The  roots 
satisfy  (30)  and  (16)  simultaneously  are  the  reson¬ 
ance  frequencies  of  the  extensional  vibrations  of 
rect*v  ular  plate  with  all  four  edges  free.  A 
series  of  values  computed  as  a  function  of  a/c 

ratio  gives  the  frequency  spectrum 

Re  .on, 1  nee  frequencies  are  calculated  tor  square 
;>la,<*-»  n*  Y-  and  Z-cuts  with  ?a  =  1  -mi.  The 
pr  t  i  /  calculated  values  are  compared  with  those 
■  .  *  *  and  experimental  values  by  Bechmann^ 


_ _  '  E  ►  s  l  e  i  n ) 

rh/'i  ?.<■/'  x"’l0"T 


1 . ;  3 
/ .  86 


f  f Bee hmann) 

2.55  7ToT“ 

2.7? 

2.90 


f (Present) 
2.53  *  103 

2-75 

2.91 


Figure  3  presents  the  measured  resonances  versus 
the  lenq th-to-width  ratio  a/c  of  GT-cut  ( .=51  ° ) 
plates  with  thickness  2b  *  1.065  mmt  and  width  2c  * 
11.91  mm.^  The  strong  resonances  are  indicated 
by  hollowed  circles  and  the  weak  resonances  by  solid 
dots.  Among  the  three  branches  of  strong  resonance, 
branches  a'-a*'  and  b’-b1'  are  stronger  than  the 
branch  c ' -c 1 1 . 


Frequency  spectra  are  computed  by  the  present 
theory  for  GT-cut  plates,  and  are  compared  with  ex¬ 
perimental  results'^  as  shown  in  Figs.  ^  and  5, 
respectively,  for  ,  =  51°  and  6  \'* . 

Mode  Shapes 

Once  the  resonance  frequencies  are  determined, 
it  is  of  interest  to  identify  the  mode  shape  cor¬ 
responding  to  each  resonance  and  to  examine  the 
effect  of  a/c  ratio  on  the  changes  of  mode  shapes 
as  well  as  on  the  frequencies. 

By  (28),  the  ratios  along  the  amplitudes  Aj | ,  A| 
Aj^  can  be  calculated.  Then  vj°^  ,  and  vj2 

are  determined  by  (25)  within  an  arbitrary  constant 
of  multiplication.  By  substituting  (25)  into  (A) 
and  dropping  the  factor  e'-jt,  the  two-dimensional 
mode  shapes  are  obla'tned. 
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”  A 

VvV  =  V  sin(zs  7T)[Ss  '  ‘2s  cos(— 1 11 

(3D 

3  ,  X|  TIX, 

VvV  =  s;,  Ais  co5(zs  2  T)sin(ir) 


The  resonance  frequencies  of  GT-cut  (v“51°)  with 
a/c  =  0.80,  1.00,  and  1.20  are  designated  by  points 
aj,  bj ,  and  cj  (i  =  1,2,3),  respectively,  in 

Fig.  A.  The  corresponding  mode  shapes  at  points 
aj,  bj  ,  and  Cj  are  calculated  by  (31)  and  shown, 
respectively,  in  Figs.  6,  7,  and  8. 

By  examining  the  modes  cor  respond \ ng  to  points 
a),  bj,  and  c]  on  the  lower  branch  in  Fig.  4, 

we  see  that  mode  a|  (a/c  *  0.80)  is  essentially 
extensional  in  x-^  and  slightly  dilatations!  in 
character;  mode  b|  (a/c  =  I)  has  an  equal  amount  of 
extensions  in  x]  and  X3  and  is  strongly  dilata- 

tional;  mode  cj  (a/c  =  1.20)  becomes  essentially 

extensional  in  X)  and  slightly  dilatational  in 
character.  Similar  observations  can  be  made  for 
modes  at  poi  ts  83,  b^,  and  C3  on  the  upper 

branch.  Modes  at  83  and  C3  are  essentially 
extensional  in  X3  and  X] ,  respectively,  and  are 
slightly  equ i vo 1 umi na I  in  character,  while  mode  63 
is  strong!/  cqu i vo 1 umi na I .  In  contrast,  the  modes 
at  points  a2,  b2 ,  and  C2  on  the  middle  branch 
have  strong  coupling  between  the  x|-  and  X3- 
extension  and  are  strongly  equ i vo! umi na I  in  charac- 


t 


s. 


ter,  and  they  seem  to  be  less  dependent  on  the  a/c 
ratio. 

Mode  shapes  for  square  z-cut  plates  are  obtained. 
They  are  very  similar  to  those  shown  in  Fig.  7  for 
GT-cut.  However,  the  sequence  of  occurrence  is  re¬ 
versed,  i.e.,  for  z-cut,  the  mode  b^  occurs  at  a 
lower  frequency  than  that  for  mode  62,  and  mode 
b2  has  a  lower  resonance  than  that  for  mode  bj. 

Both  the  mode  shapes  and  sequence  for  z-cut  are  in 
agreement  with  Ekstein's^4  computation. 

We  note  that  the  near  symmetry  (or  ant i -symme t ry ) 
with  respect  to  both  the  k\  and  xj  axes  of  the 
vibrational  patterns  shown  in  Fig.  7  for  square 
plates  is  due  to  the  elastic  constants  >|j  =  ni 
for  GT-  and  Z-cuts.  Computed  mode  shapes  for  a 
square  Y_cut  plate,  for  which  >||  ^  v33»  confirm 
this  observation. 
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Abstract 


The  equation  of  coupled  thickness-shear  and 
thickness-twist  vibrations  is  applied  in  the  analy¬ 
sis  of  uneloctroded  rectangular  and  circular  AT-cut 
quartz  plates  with  freo-edges.  In  the  case  of  the 
rectangular  plate  the  appropriate  edge  conditions 
ar<  found  and  the  solutions  are  obtained.  In  the 
case  of  the  circular  plate  the  two  coefficients  ap¬ 
pearing  m  the  planar  differential  operator  are 
written  as  a  sum  of  an  isotropic  part  plus  a  devia¬ 
tion.  The  e igensolutions  for  the  nearby  isotropic 
case  are  found  and  the  resonant  frequencies  for  the 
actual  anisotropic  case  are  obtained  from  the  equa¬ 
tion  for  the  first  perturbation  of  the  eigenfre- 
quency  from  the  isotropic  solution.  For  the  circu¬ 
lar  plate  the  results  have  been  compared  with  meas¬ 
urements  of  the  fundamental,  and  the  third  harmonic 
overtones  and  the  agreement  is  quite  good. 


1.  Introduction 

Both,  trapped  energy  resonators  and  monolithic 
crystal  filters  are  fabricated  from  rectangular  and 
circular  AT-cut  quartz  blanks.  Before  the  deposi¬ 
tion  of  the  electrode*  the  resonant  frequency  of 
the  fundamental  or  some  other  convenient  harmonic 
'Vertono  is  measured.  The  thickness  frequency, 
which  is  employed  in  the  design  of  the  device,  if 
a  i«i  1  :t  ;ca  1  design  procedures  are  used,  must  be  ob¬ 
tained  fr«-r>  the  measurement.  Consequent ly,  the  re¬ 
lation  between  the  thickness  frequency  and  the 
measured  f requency  of  the  uneloctroded  rectangular 
■  r  '•■trcular  plate  with  free  edges  is  of  practical 
m**  rest.  In  this  paper  the  equation  of  coupled 
*  h  k ness -shear  and  thickness-twist  vibrations1'' 
is  applied  in  the  analysis  of  unolectroded  rectang¬ 
ular  and  circular  AT-cut  quartz  plates  with  free 
'•does.  in  the  case  of  the  rectangular  plate  a 
Simple  equation  n  lating  the  measured  frequency  to 
the  th ickness- frequency  is  obtained.  In  the  case 
of  the  circular  plate  the  solution  for  the  nearby 
isotropic  plate  is  found  and  the  corrected  frequen¬ 
cy  is  obtained  from  the  equation  for  the  first  per¬ 
turbation  of  the  cigcnf requency  due  to  the  aniso¬ 
tropy  and  modi  tied  free  edge  condition.  However, 
it  turns  out  that  the  perturbation  of  the  eigen- 
f requency  resulting  from  the  anisotropy  vanishes 
for  all  modes  except  those  with  one  angular  nodal 
plane.  Furthermore,  the  perturbation  term  due  to 
t  hr  mod i  f  i oil  free -edge  condition  is  essentially 
negligible  for  all  moles  for  which  the  equations  of 
• -e-up led  tin  Miess-shcar  and  thickness-twist  arc  valid. 


The  results  of  calculations  are  presented  for 
the  circular  plate  and  measurements  for  a  practical 
case  are  compared  with  calculated  results. 


2 .  Basic  Equations 

Plan  views  of  the  unelectroded  rectangular  and 
circular  AT-cut  quartz  plates  are  shown  in  Figs. 1 
and  2,  respectively,  along  with  the  associated  co¬ 
ordinate  systems.  The  x2-axis  points  out  of  each 
figure  and  the  X-axis  is  in  the  digonal  direction. 
In  Fig, 2  the  cylindrical  coordinates  r  and  6  are 
shown  in  addition  to  the  Cartesian  coordinates  xx 
and  x3 .  Note  that  9  is  measured  from  the  Xj-axis. 


The  differential  equation  of  coupled  thickness- 
shear  and  thicknesr-twist  vibrations  for  the  nth 
harmonic  of  an  unelectroded  AT-cut  quartz  plate  may 
be  written  in  the  form1'  1 


M  u 

n  , 


2  2 
n  n 


c^u  +  pa?  u  =  0  , 
n»  1,3,5,  ...  , 


(2.1) 


when  the  forcing  term  is  omitted  and  where 


Mn  =  cll+  (C12  +  C66)r 


4(r566  'C66)(C22r+C12)COt  KnV/2 


(2.2) 


with 


66  66 


2 

^26 

e22  ’ 


'12  +  C66 


66  22 


,R=(^)V2.  (2.3 
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In  (2.1)  and  throughout  it  is  understood  that  the 
time  dependence  of  the  standing  wave  has  been  fac¬ 
tored  out  and  the  subscript  1  on  the  displacement 
field  u =  ux  has  been  omitted.  We  employ  the  con¬ 
vention  that  a  comma  followed  by  an  index  denotes 
partial  differentiation  with  respect  to  a  space  co¬ 
ordinate  and  the  usual  compressed  notation  for 
tensor  indices.  In  (2.1)  u;  is  the  circular  fre¬ 
quency  of  the  mode  and  2h  is  the  thickness  of  the 
plate.  Equation  (2.1)  satisfies  the  differential 
equations  and  boundary  conditions  on  the  major  sur¬ 
faces  of  the  plate  to  second  order  in  the  small 
wavenumbers  along  the  plate2 in  the  absence  of  cer¬ 
tain  relatively  small  unimportant  elastic  constants 
and  because  of  small  piezoelectric  coupling. 
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In  the  case  of  the  rectangular  plate  the 
boundary  conditions  on  the  free  edges  normal  to  x: 
and  Xg  must  still  be  considered.  It  has  been  shown 
that  to  lowest  order,  which  is  consistent  with 
(2.1),  the  non-negligible  pertinent  constitutive 
equations  take  the  form1*3 


Tn  =  CllUM  +  C12U2,2> 


T12  =  566U1,2'  T31  =  C55U1,3> 


(2.4) 


basically  since  Ug  is  one  order  of  magnitude  smaller 
than  ux  and  is  two  orders  of  magnitude  smaller 
than  for  small  wavenumbers  along  the  plate. 
Further  consideration  of  this  ordering  and  the  form 
of  the  uniqueness  theorem4  reveals  that  on  a  free- 
edge  normal  to  Xj  we  need  not!  satisfy  any  condition 
on  T13  and  should  satisfy 


T11  "  0  '  T12  =  0-  at  Xl  =  ±i-  (2'5> 

only.  For  the  same  reasonsF  and,  in  fact,  as  al¬ 
ready  utilized1  ,  on  a  free-edge  normal  to  we 
need  not  satisfy  any  conditions  on  T3a  and  T33  and 
should  satisfy 


T31  =  0  ,  at  x3  =  ±  w  , 


(2.6) 


subscript  a  takes  the  values  1  and  3  and  skips  2 
and  employed  the  summation  convention  for  repeated 
indices.  We  will  obtain  the  natural  frequencies  of 
the  modes  of  the  anisotropic  circular  plate  by  find¬ 
ing  the  perturbations  in  eigenf requencies  from  the 
solutions  for  the  nearby  isotropic  plate  due  to  the 
anisotropy.  To  this  end  we  omit  An  and  write 

c  v  +  p  (uj2  -  uu2)  v  =  0  ,  (2.12) 

n  ,  aa  v  n  ’ 

as  the  equation  for  the  nearly  unperturbed  iso¬ 
tropic  problem,  in  which  v  is  the  unperturbed  iso¬ 
tropic  variable  and  wv  is  the  unperturbed  eigenfre- 
quency  of  the  nearby  isotropic  problem.  Since  we 
are  concerned  with  not  too  large  anharmonics  of 
thin  plates,  for  which  h/R  «  1,  the  large  condition 
in  (2.7)  can  be  shown’  to  dominate  except  in  the 
vicinity  of  0  =  0  and  0  =  tt.  Consequently,  for  the 
unperturbed  nearby  isotropic  problem  the  traction- 
free  edge  condition  is  taken  in  the  form 

v  =  0  ,  at  r  =  R  ,  (2.13) 

and  we  recognize  that  we  must  consider  some  form  of 
edge  perturbation  term  due  to  the  use  of  the  incor¬ 
rect  edge  condition  in  (2.13)  over  a  small  portion 
of  the  free  cylindrical  surface  in  this  unperturbed 
problem. 


only.  Since  in  the  approximation  of  coupled  thick¬ 
ness  shear  and  thickness-twist  we  have  eliminated 
the  flexural  branch  and,  in  fact,  in  all  instances 
all  other  branches  except  the  one  retained,  on  an 
edge  normal  to  xl  we  can  satisfy  only  one  condition 
and  we  have  the  two  conditions  in  (2.5).  However 
an  examination  of  (2.4)  along  with  the  solution1*'3 
for  small  wave  numbers  along  the  plate  reveals3  that 
is  of  the  order  of  uXt  1  which  is  small,  while 
T1Si.  is  of  the  order  of  uT ,  which  is  large.  Clearly 
then,  we  take  (2.5)j  to  be  satisfied  approximately 
because  of  the  small  wavenumber  along  the  plate  and 
require  the  solution  to  satisfy  (2.5)s  only,  which 
with  (2.4)~  yields 


It  can  be  shownr'  that  the  equation  for  the 
perturbation  in  the  eigenf requency  can  be  written 
in  the  form 


H 

Av  =  — ^2  ’  u,  =  u,v'av’  (2’14) 

2“'vNv 

where  uuv  and  <u  are  the  unperturbed  and  perturbed 
eigenfrequencies,  respectively,  and 

Hv  =  -  f  naCnvv,audS+  J  Vvds-  (2-15) 

c  s 


u  2  =  0  at  x1  =  ±  t. 
Equation  (2.6)  with  (2.4)3  yields 


where  n,  is  the  outwardly  directed  unit  normal  to 
the  circular  edge  C  enclosing  the  area  S  and  we 
have  taken  the  liberty  of  omitting  the  irrelevant 
x.  -dependence.  Hence 


u  3  =  0  ,  at  x^siw. 


(2.8) 


Although  Eq. (2.1)  is  a  useful  form  for  the 
rectangular  plate  it  is  not  a  particularly  useful 
form  for  the  circular  plate.  For  the  circular 
plate  we  rewrite  Eq.  (2.1)  in  the  form 


2  2 

cu  +  A  +s(u)  -  jj  )  u  =  0  , 
n  ,  aa  n  n 


(2.9) 


where 
2 

''~66 


<^A/i)(n2^2/4h2)  ,  An  =  an(UiU-u  33)  , 


(2.  10) 


and 
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+  c 


55 
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(2. 11) 


in  which  cn  is  the  mean  or  isotropic  constant,  an  is 
the  anisotropic  constant,  An  is  the  anisotropy  term 
and  we  have  introduced  the  convention  that  the 


2  r  2 

N  =  pv  dS,  (2. 16) 

v  /  K  V  ’ 

S 

and,  of  course,  from  (2.10)-, 


A 

n 


(v. 


V,  11 


v,  33 


(2.17) 


and  the  variable  u  is  to  be  selected  in  order  to 
compensate  for  (2.13)  being  incorrect  over  a  small 
portion  of  the  edge. 


3 .  Rectangular  Plate 

The  four  independent  solutions  for  the  differ¬ 
ent  modes  of  coupled  thickness- shear  and  thickness- 
twist  vibrations  for  the  nth  harmonic  of  the  rec¬ 
tangular  plate  with  free-edges  may  be  written  in 
the  forms 
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(4.  1) 


n"x2 

11  =  B  sin  ~^h  cos  'x^  cos  vx3  , 
n''x2 

U  =  C  3ln  ~2h~  cos  ’xi  sin  Vx3 

nnx2 

u  *  D  sin  -cc —  sin  cos  vx^  , 


2h 


where 


2  2 
2_v  1  iv  1  5  v  .2 

*r*  ^+7^+eV‘°- 


8  *  (uT  *  «T)  . 

n  c  v  n 


(4.2) 


u  =  e  sin 


"2j7"  sin  --X^  sin  vx3  , 


each  of  which  satisfies  (2.1)  provided 

2  1  r_  n2n2 

d.  =  —  c 


hf,  — T  +  M  ?2  +  C  v2 
66  4h2  n  5S 


]• 


(3.1) 


(3.2) 


The  solutions  satisfying  (4.1)  may  be  written  in  the 
form 

im0 

v  =  e  f(r)  ,  m-0,1,2,3 .  ,  (4.3) 

the  substitution  of  which  in  (4.1)  yields 


Each  of  Eqs. (3.1)  respectively  satisfies  the  edge 
conditions  in  (2.7)  and  (2. ft)  provided 


r 


0, 


(4.4) 


»  trrrr 

J  *  2t  ' 

,  m-  1,3,5, .  . 

ii 

p  =  0,  2,  4, 6 

r 

'  *  2 1  ' 

m  *  1,  3,  5,  .  . 

V  - 

’  2w  ’ 

p=  1,3,5,  . 

<r  . 

*  21  ’ 

m  =  2,4,6, . . 

HZ 

il 

p  =  0,2, 4,6 

i-  lit  • 

'  =  2i  ’ 

m*  2,4,6.  .  . 

V  -  E  , 
2w 

P=  1,3,5,  . 

which  is  Bessel's  differential  equation.  From  (4.3) 
and  (2.13)  we  obtain  the  boundary  condition 

f  »0  at  r-R  .  (4.5) 

The  solutions  satisfying  (4.4)  and  not  diverging  at 
r  =  0  may  be  written  in  the  form 


Clearly,  the  substitution  of  (3.3)  into  (3.2)  yields 

2  2  2  2 
nr-  m  t. 

- *-  ♦  M 


2  1 

x  -  —  c 


6b 


n  =  1,3. 


4h 

.  m  =  1,2,3 


n  .  ,2 

4  i 


2  2-i 

p  tt  n 


55  .  2 

4w 

P-  0,1, 2, 3 . 

(3.4) 


Since  the  relation  between  the  measured  frequency  w 
and  the  thickness-frequency  un  in  (2.10)jis  wanted, 
from  (3.4)  we  write 
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2 

=  ! 
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M  2  2 
n  m  r 


41 


c„  2  2 
55  P  TT 

;  .  2 
4w 


(3.5) 


where  J.  is  the  Bessel  function  of  order  m. 
substitution  of  (4.6)  into  (4.5)  yields 

J  (0  R>  =  0  , 
m  n  ’ 

which  enables  us  to  write 


The 


(4.7) 


S  =Z  /R, 
nmp  nmp  ’ 


(4.8) 


where  the  Z,,,,  denote  the  zeros  of  J,  for  nonzero 
Z„,p,  andwe  note  that  for  the  solution  to  be  valid 
we  must  have 


«  nn/2h  . 

nmp 


(4.9) 


For  the  fundamental  mode  of  any  odd  harmonic, 
p  =  0  and  m  =  1 ,  and  from  (3.5)  we  obtain 

4m\*  W/oM-’W)  .  (3.6) 

Furthermore,  from  (3.1)!  and  (3.3)!  we  find  for  any 
n  that  for  the  fundamental  mode  the  solution  func¬ 
tion  takes  the  form 


u  =  B  sin 


2h 


21 


(3.7) 


which  shape  for  the  fundamental  mode  was  identified 
by  Sykc^  and  observed  by  Van  Dyke7  as  discussed 
recently  by  Sherman'  . 


4.  Circular  Plate 


Since  the  edge  condition  (2.13)  is  incorrect 
only  over  a  small  portion  of  the  edge  in  the  vicin¬ 
ity  of  8 =  0  and  8 = n  and  from  (2.7)  and  (2.8)  the 
size  of  the  region  increases  with  and  decreases 
with  nn/2h,  the  edge  perturbation  term  is  selected1 
in  the  form 


where 


with 


im8 


X  = 


,  "  y  <  9  <  n/2 

w  (r) 

H  <  e  <  In 

2  2 

(4.  10) 

2h 

; —  COS  e  ,  w  *  j  (a  r)  , 
m  n  ’ 

(4.11) 

dj 

_ m 

dr 


0  at  r  «  R  . 


(4.12) 


In  the  case  of  the  circular  plate  we  begin  by 
obtaining  the  unperturbed  solution  to  the  isotropic 
equation  (2.12),  which  may  be  written  in  cylindrical 
coordinates  thus 


Equation  (4.12)  yields 

3  *»  C  /R 

nmp  °nmp  ’ 


(4.  13) 
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where  the  £*>p  denote  the  zeros  of  J,  with  Cnoo 
and  all  other  £nlo  /o  (m/O),  but  rather  determined 
by  the  first  nonzero  point  for  zero  J*.  Substitut¬ 
ing  from  (4.3)  into  (2.17)  and  utilizing  the  trans¬ 
formation  relations  between  Cartesian  and  cylindri¬ 
cal  coordinates,  we  find  that  the  anisotropy  term 
in  the  perturbation  integral  (2.15)  takes  the  form6 


/2e 


W(-F  ■>:•(» 


2 

nmp 


2m 

~T 


cos  20 


(  nmp  „  /  m\  .  im0 

2 iro(^ — “  Jm - 2)  sm  26 J  e  ,  (4.14) 


where  KeAn  comes  from  the  unperturbed  solution 
function 


v  =  cos  m0J  Or)  (4.15) 

m  m  7 

which  corresponds  to  a  nodal  plane  along  xxand  imA^ 
comes  from  the  unperturbed  solution  function 

v  =  sin  m8j  (0r)  ,  (4.16) 

m  m 


in  which  the  upper  equation  is  from  the  former  sub¬ 
stitution  and  the  lower  equation  is  from  the  latter. 
Substituting  from  (4.15)  into  (2.16),  we  obtain 
2tt  R 

N2  *  p  f  d0  I  rdr  J2(0  r)cos^m9d0.  (4.23) 

nmp  J  J  m  nmp  , 

o  o 


and  when  (4.16)  is  substituted  the  cos  is  replaced 
by  a  sin.  Evaluation  of  the  angular  integrals  in 
(4.22)  reveals  that6 

=0  unless  m*l,  (4.24) 

nmp  7 


while  for  m *  1  the  radial  integral  in  each  of  (4.22) 
reduces6  to  the  well-known  normalization  integral10 
for  Bessel  functions  and  we  obtain 


nip 


;4anienlpTJ2(VK)Jo(enlpR)- 


(4.25) 


which  corresponds  to  a  nodal  plane  along  Xg .  Sub¬ 
stituting  from  (4.8)  into  (4.2),  we  obtain  the 
eigen  frequency  o»nBp  of  the  unperturbed  isotropic 
solution  in  the  form 

a  2  .  (4.17) 

nmp  n  p  nmp 


From  (2,14)  we  see  that  the  perturbation  in 
eigen frequency  can  be  written  in  the  form 


a:  *  w  -  L  ,  A 

nmp  nmp  nmp 


H 

nmp 

2oj  NZ 
nmp  nmp 


(4.18) 


This  very  fortuitous  circumstance  that  arises  in 
(4.24)  and  (4.25)  means  that  except  for  m«l  the 
perturbation  in  the  eigenfrequency  ci>D,p  due  to  the 
planar  anisotropy  vanishes  and  for  m*  1  we  obtain 
a  very  simple  form  to  evaluate  for  H„ ,  P .  Further¬ 
more,  forgetting  the  very  small  perturbation  due  to 
the  edge  condition,  for  1  the  eigenfrequency  u > 
is  influenced  only  by  the  mean  (or  isotropic)  con¬ 
stant  c„  and  is  independent  of  the  deviation  (or 
anisotropy)  a. .  However,  the  real  anisotropic  mode 
shape  differs  from  the  isotropic  mode  shape  we  have 
found  even  though  the  eigenfrequencies  are  the  same 
to  lowest  order  in  ap/c„.  Substituting  from  (4.15) 
into  (4.23),  we  obtain 


where  from  (2.15)  we  can  write 


H  *  HS  +  H*  ,  (4.19) 

nmp  nmp  nmp 


in  which  is  the  first,  or  edge  perturbation, 

term  in  (2.15)  and  H^Bp  is  tne  second,  or  anisotropy 
perturbation,  term  in  (2.15).  Substituting  from 
(4.10)  and  (4.11)  into  the  first  term  in  (2.L5),  we 
obtain' 


H 

nmp 

where 


0  2h 

-eg  j'  (B  R)  -22E —  j  (or  rir/, 


n  nmp  m  nmp 


n™  m  nmp  m 


(4.20) 
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■  pn  S  j  (p  R)  j  (B  R) 
2  m+ 1  nmp  m- 1  nmp 

N2  *  prrR2J2(0  R)  . 

nop  1  nop 


(4.26) 


5.  Results 

Calculations  for  unelectroded  circular  AT-cut 
quartz  plates  with  free-edges  can  new  readily  be 
performed  using  Eqs.  (4.17)  -  (4.21)  and  (4.24)  - 
(4.26).  However,  we  first  wish  to  indicate  the  de¬ 
gree  of  anisotropy  present  in  the  families  of  an- 
harmonics  for  each  of  the  first  few  harmonics.  Ac¬ 
cordingly,  we  first  note  that11 

C55-6.88X  1010  N/m2  ,  (5.1) 


and  the  upper  terms  in  the  brackets  are  from  (4.15) 
while  the  lower  terms  are  from  (4.16).  Substitut¬ 
ing  from  ReA^  in  (4.14)  and  (4.15)  and  J^AB  in 
(4.14)  and  (4.16),  respectively,  in  the  second  term 
in  (2.15),  we  obtain  the  two  equations 


nmp 


J' 

m 


r 


and  in  Table  I  we  show  the  values  of  M*,  c„ ,  a0 
and  aB/cB  for  n- 1,3,5  for  AT-cut  quartz.  Ihe 
table  shows  that  for  the  third  harmonic  the  AT-cut 
is  nearly  isotropic  in  the  xj  -  Xq  plane  for  the  an- 
harmonics,  while  for  the  fundamental  it  is  quite 
anisotropic.  Since  the  perturbation  analysis  in 
Sec.  4  shows  that  for  m/1  there  is  no  perturbation 
in  eigenfrequency  linear  in  the  anisotropy  an/cn, 
the  results  should  be  quite  accurate  even  for  the 
quite  anisotropic  fundamental  for  m/1  because  the 
first  correction  to  the  eigenfrequency  for  the 
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nearby  isotropic  plato  would  be  pi  op<  rt .  mnal  t*> 

(ar  «'n)'  ,  which  from  the  las  me  in  Table  I  is 
always  quite  small.  Nevertheless,  the  theory  is 
obviously  more  accurate  for  the  fifth  harmonic  than 
for  the  fundamental. 

Typical  calculations  for  an  unoicctr>xled  circ¬ 
ular  AT-cut  quartz  plate  with  free-edqcs  are  shown 
in  Tables  IT  and  HI.  The  plato  has  a  nominal  in¬ 
finite  plate  th ick ness -frequency  of  10000  kHz, 
winch  corresponds  to  a  thickness  2h  of  *1.34  *  10“  in., 
and  a  diameter  2R  of  .310  in.  Table  II  is  for  n=  1 
and  Table  Ill  is  for  n  =  3.  The  columns  labeled 
frequency  contain  j./2r*  from  (4.  18^  and  the  columns 
labeled  delta  contain  . .  .  It  is  clear  from  the 
tables  that  the  values  of  *LnS-  for  m-  1  are  much 
smaller  than  those  for  m  =  1.  This  means  that  the 
perturbation  in  frequency  duo  to  the  anisotropy 
(when  nonzero)  is  much  larger  than  the  perturbation 
due  to  the  edge  condition.  In  addition,  the  por- 
turbat ion  due  to  the  edge  condition  very  rapidly 
gets  smaller  with  increasing  harmonic.  In  fact  the 
perturbation  due  to  the  edge  condition  is  negligible 
for  measurement  purposes  (because  of  much  greater 
scatter  in  the  data)  except  for  high  anharmonics  of 
low  harmonics,  which  are  not  of  practical  interest. 
It  is  also  clear  from  Tables  II  and  III  that  for 
m-1  the  perturbation  in  eigen frequency  for  the  an¬ 
harmonics  of  the  third  harmonic  are  much  less  than 
for  those  of  the  fundamental.  This  is  a  result  of 
the  fact  that  the  anisotropy  of  the  third  harmonic 
is  so  much  smaller  than  that  of  the  fundamental 
coupled  with  the  larger  order  of  the  overtone  as 
shown  by  (4.18).  Table  IV  shows  the  frequencies 
of  the  fundamental  flj0  and  third  harmonic  f30O 
measured  on  ten  nominally  identical  units  .310  in. 
in  diameter.  The  fixture  electrode  diameter  is 
.09  in.  and  the  air  gap  is  .012  in.  Note  the 
typical  scatter  in  the  measurements.  The  mean  of 
the  measured  values  of  3f,  ,0  -  is  25.4  kHz. 

From  Tables  II  and  III  for  a  nominal  infinite  plate 
fundamental  thickness  frequency  of  15000  kHz,  which 
corresponds  to  a  thickness  2h  of  4.34  X  10” ^  in., 
and  a  plate  diameter  2R  of  .310  in.,  we  obtain 


3.  H.F.  Tierston,  "Analysis  of  Intermodulation  in 
Thickness-Shear  and  Trapped  Energy  Resonators," 
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4.  H.F.  Tiersten,  Linear  Piezoelectric  Plate 
Vibrat ions  (Plenum,  New  York,  1969),  Chap. 5, 
Sec. 4,  Chap. 15,  Sec. 5. 
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Twist  Vibrations  of  Une loct roded  AT-Cut  Quartz 
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8.  J.H.  Sherman,  "Measurement  of  the  Characteristi 
Frequency  of  an  AT-Cut  Plate,"  Proceedings  of 
the  31st  Annual  Symposium  on  Frequency  Control 
U.S.  Army  Electronics  Command,  Fort  Monmouth, 
New  Jersey,  108  (1977). 

9.  We  cannot  evaluate  the  edge  perturbation  term 
in  a  neat  way  because  we  do  not  have  a  direct 
means  for  the  determination  of  u.  Rather  than 
introducing  another  nonperturbation  procedure 
for  the  determination  of  the  small  correction 
in  eigenf requency  resulting  from  the  edge  con¬ 
dition  being  incorrect  over  a  very  small  region 
we  prefer  to  use  the  perturbation  procedure 
with  the  selection  of  u  in  (4.10),  which  we  be¬ 
lieve  overestimates  the  essentially  negligible 
perturbation  in  eigenf requency  somewhat  because 
of  the  behavior  of  cos  0. 

10.  P.M.  Morse  and  H.  Feshbach,  Methods  of  Theoret¬ 
ical  Physics  (McGraw-Hill,  New  York,  1953), 

p.  765. 

11.  Ref. 4,  Chap. 7,  Eqs.  (7.36).  The  constants  were 
obtained  from  R.  Bechmann,  "Elastic  and  Piezo¬ 
electric  Constants  of  Alpha -Quar tz, "  Phys.  Rev. 
110,  1060  (1958). 


3£100  ’  £ 300 


28. 33  kHz  , 


(5.2) 


in  quite  good  agreement  with  the  measured  mean  of 
25.4  kHz  in  view  of  the  scatter  in  the  data. 
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Summary 

The  electrical  response  of  a  small 
air-gap  probe  placed  over  a  convex  AT-cut 
quartz  plate  is  analyzed  as  a  function  of 
frequency  and  of  probe  location.  It  is 
shown  that  the  response  is  directly  der- 
lveable  from  Tiersten  and  Smythe's  analy¬ 
sis1  of  a  fully  electroded  convex  quartz 
plate . 

A  model  is  derived  which  allows  for 
identification  of  the  (rotated)  x  and  z 
crystallographic  axes,  and  measurement  of 
the  radius  of  curvature  and  location  of 
the  thickest  point  of  the  crystal  plate. 
Experimental  results  are  shown  which 
demonstrate  the  validity  of  the  model. 

An  automated  system  is  described 
which  character i zes  crystal  plates  in 
terms  of  radius  of  curvature  and  location 
of  the  thickest  part  of  the  plate.  This 
system  basically  consists  of  an  automatic- 
network  analyzer  and  a  motor-dri ven-stage 
scanning  air-gap  probe  which  operates 
under  network  analyzer  control.  Sample 
data  demonstrating  the  repeatability  and 
accuracy  of  this  system  is  presented. 

Introduction 

In  the  manufacture  of  thin  AT-cut 
quartz  plates  for  piezoelectric  resonators 
or  coupled  resonator  (monolithic)  filters, 
it  is  necessary  to  measure  the  thickness 
of  each  plate  by  suspending  the  plate 
between  the  electrodes  of  an  air  dielectric 
capacitor  and  measuring  the  input  imped¬ 
ance  seen  by  this  capacitor  (Figure  1). 
Since  the  resonant  frequencies  of  the 
plate  vary  essentially  as  the  inverse  of 
the  plate  thickness,  resonances  observed 
at  the  capacitor  terminals  (using  appro¬ 
priate  impedance  matching  circuits  as 
required)  can  be  correlated  to  the  plate 
thickness.  The  data  obtained  can  then  be 
use  1  to  predict  the  mass  and  lateral 
dimensions  of  metal  electrodes  which, 
when  deposited  onto  the  plate,  would  pro¬ 
duce  a  crystal  resonator  (or  filter)  at 
a  desired  frequency. 


The  manufacture  of  crystal  devices 
always  includes  the  provision  for  a  final 
electrode  mass  correction  while  monitoring 
the  actual  resonator  frequency ( ies ) .  This 
allows  for  an  overall  tolerance  in  the 
electrode  dimensions,  upper  and  lower 
electrode  alignment,  deposited  metal  mass, 
variations  in  crystal  angle,  and  variations 
in  the  thickness  of  the  crystal  plate  it¬ 
self.  So  long  as  the  effects  of  the  latter 
variation  are  small  compared  to  the  (sum  of 
the)  others,  it  is  not  necessary  to  inves¬ 
tigate  the  mechanism  of  the  air-gap  freq¬ 
uency  measurement  too  closely.  However, 
a  general  trend  toward  more  precise  control 
in  the  manufacture  of  quartz  devices,  par¬ 
ticularly  for  high  frequency,  high  overtone 
use  is  changing  this  conclusion.  Also, 
when  building  multi-resonator  devices,  it 
is  important  to  inspect  the  thickness 
profile  of  the  quartz  plate  in  detail  so 
that  the  relative  frequencies  of  the  res¬ 
onators  on  the  plate  may  be  predicted. 

The  intuitive  approach  to  measuring 
local  thickness  precisely  is  to  construct 
a  probe  whose  lateral  dimensions  are  much 
smaller  than  those  of  the  quartz  plate  and 
to  mount  it  in  a  fixture  which  is  provided 
with  a  means  of  transversing  the  surface 
of  the  plate  while  keeping  the  electrode 
separation  constant.  When  this  is  done 
the  results  are  at  first  both  surprising 
and  disappointing.  Figure  2  shows  oscil¬ 
lographs  of  the  reflection  coefficient 
magnitude  obtained  at  several  locations 
about  the  surface  of  a  3mm  radius,  'i.38u 
thick  plate,  measured  at  the  5th  overtone. 
As  may  be  seen,  there  are  multiple  reson¬ 
ances  being  excited,  and  there  is  no  simple 
correlation  between  the  data  and  the  thick¬ 
ness  profile  of  the  plate. 

The  purpose  of  this  paper  is  to  dev¬ 
elop  a  model  for  the  air-gap  probe  measure¬ 
ment  system  which  will  explain  results  such 
as  those  shown  in  Figure  2,  and  then  to 
propose  a  measurement  procedure  which  will 
facilitate  the  extraction  of  the  desired 
information  from  the  data.  Comparison  of 
measured  data  such  as  that  shown  in  Figure 
2  with  predictions  of  the  model  will  be 


shown . 
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The  Convex  Plate 

1979,  Tiersten  and  Smythe  published 
sis  of  fully  electroded  convex 
AT-quartz  resonators1.  Their 
showed  that  an  infinite  number  of 
t  each  overtone)  are  "trapped" 
tile  convex  surface  (s)  .  We  can  use 
suits  to  describe  the  resonance 
an  air-gap  structure  by  setting 
t rode  mass  equal  to  zero: 


2p+l> 


where  all  terms  are  defined  as  in 
reference  1. 

'Die  c  1  gensol  u  tions  which  Tiersten  and 
Smythe  found  consisted  of  the  sepnrated- 
vanable  product  of  a  sinusoid  in  y  and 
Hermite  functions  in  x  and  z.  These 
Ilermite  functions  are: 

Xmn  =  exp  (-ax: /2)  (a^x)  (2) 

Z  =  exp (-Bz*/2 )  H  ( B^z)  (1) 

pn  p 

H  and  H  are  Hermite  Polynomials 
of  order  m  an£f  p  respectively2.  Hermite 
polynomials  are  even  or  odd  functions  of  x 
tor  z)  depending  upon  whether  m  (or  p)  is 
even  or  odd.  Also, 

a?  =  n2 — ■  C6(,/8Rh'M  (2a) 


numerator  are  the  surface  area  of  the  plate 
under  the  probe.  From  reference  1,  the 
electric  displacement  current,  D  ,  is  qiven 

by  y 


Since  there  is  no  free  charge  in  the 
quartz , 


__  ..  ;idv  ;i2u 

V  •  D  =  -T— r  =  e  ,f  — T 

3y  ‘'Hy7 


..,^4  =  o 


Equation  6  suggests  that  the  potential 
function,  4> ,  has  the  form 

♦  =  ^^-u(x,y,z)  +  yA(x,z)  +  B(x,z)  (7) 

C  9  '■ 

where  A  and  B  are  unknown  at  present. 
As  was  stated  above,  u  is  given  by 


u(x,y,z)  =  sin^ljjJljX  (x)  Z  (z)  (8 

Referencing  our  potential  function  to  the 
plane  y  =  0,  therefore, 

B(x,z)  =0  (9 

The  homogeneous  (shorted  electrode) 
boundary  condition  is  that 

*(x,.‘h,z)  =  0  (10 

Therefore,  from  (7), 


0  =  — ki--u  (x ,  ih ,  z)  i  liA(x,z) 


t  =  n-  -•Ct6/8Rh?jCc5  (3a) 

how,  consider  the  situation  depicted 
in  Figure  1.  A  probe  whose  surface  area 
is  small  compared  to  that  of  the  quartz 
plate  is  exciting  the  resonant  modes  of  the 
plate.  Due  to  the  fact  that  the  ratio  of 
the  electrode  surface  area  to  the  plate 
surface  area  is  small,  especially  at  higher 
overtones  we  may  assume  that  the  resonant 
frequencies  (and  modes)  are  determined  by 
the  plate  itself  and  are  not  noticeably 
perturbed  by  the  location  of  or  even  the 
existence  of  the  probe.  The  location  and 
size  of  the  probe  will  of  course  determine 
the  "strength"  of  the  excitation,  which 
may  be  measured  in  terms  of  the  motional 
capacitance  seen  by  the  probe.  Using 
Lewis1  relation  for  motional  capacitance 1 , 


[//yx-H 

“///v'!x' 


( x  ,  y  ,  z)  dv 


The  limits  of  integration  in  the  den¬ 
ominator  above  are  the  entire  volume  of  the 
[/late.  The  limits  of  integration  in  the 


A  =  l-Dbv-u(x,?h,z)  (12) 

c  ?  7  n 

Differentiating  (7)  with  respect  to  y, 

A  =  ii-  -  idi.  (13, 

ay  e  .  Dy  ' 1 

and  from  (5)  ,  therefore, 

-e  A  =  e,,^  -  E  ,  ,44  =  D..  (14) 


Comparing  equations  (14)  and  (12) 


-D  =  i^jlfc-u  (x  ,  :h  ,  z) 


Returning  to  the  expression  for  mot¬ 
ional  capacitance  (equation  4), 


u (x , h , z) ds 


mot  pL,'  h 


7F  (x , y , z ) dv 


The  above  equation  may  be  simplified 
by  using  (8) 


yy"xu)z(2) 
//>• 


(17) 


<•'  (x)  2-  (z)  dxdz 


In  the  case  of  the  convex  plate,  h  in 
(17)  is  replaced  by  hD. 

In  general,  due  to  the  nature  of  X(x) 
and  2  (z!  ,  the  integrals  in  (17)  must  be 
round  numerically.  In  order  to  be  able  to 
compare  analytic  to  experimental  results, 
it  is  necessary  to  assume  that,  for  the 
crystal  plate  under  cons i derat  ion ,  the 
radius  of  curvature  is  small  enough  and, or 
the  diameter  of  the  plate  is  large  enough 
so  that  edge  effects  may  be  ignore'!. 


Exper imen ta 1  Results 
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The  first  three  x  terms  of  the  above 
are  plotted  in  Figure  3.  From  the  form 
of  (18),  we  may  expect  several  things: 
noting  that  the  denominator  of  (17)  is 
independent  of  the  probe  location,  we  see 
that 

a)  C  for  the  (n,0,0)  mode  is  largest 
whenthe  (circular)  probe  is  centered 
at  (x,z)  =  (0,0).  The  (n,0,0)  mode 

is  of  course  the  lowest  frequency  n*1^ 
overtone  mode. 

b)  C  for  the  (n,0,l),  the  (n,l,0), 
and  all  other  modes  for  which  m  and/or 
p  is  odd  are  zero  when  the  probe  is 
located  at  (0,0). 

c)  Locating  the  probe  along  the  z  (x) 
axis  will  allow  the  excitation  of  odd 
order  modes  in  z  (x)  but  not  in  x  (z)  . 


Now  consider  again  the  crystal  plate 
used  in  generating  Figure  2.  The  (reflec¬ 
tion  coefficient)  response  at  (x,z)  ■ 

(0,0)  is  shown  in  Figure  4a.  Figure  4b 
shows  the  response  at  (x,z)  =  (.18, .20)  mm, 
a  location  which  was  chosen  bo  maximize 
Cmot  for  the  (5,0,0)  mode  -  that  is,  to 
maximize  the  depth  of  the  lowest  frequency 
resonance  (dip)  shown.  This  means  that 
the  geometric  center  of  this  plate  does 
not  correspond  to  the  (x,z)  =  (0,0) 
location  referred  to  in  the  analysis 
above.  If  we  denote  the  point  (.18,. 20) 
as  (x0,z0),  and  since  we  can  always  des¬ 
cribe  an Jof f-centered  parabola  by 

f (x)  =  f 0  +  a (x-x0) 2 

=  (f0+ax2  )  +  ax2  -  2(ax0)x  (19) 

we  may  interpret  the  above  result  by  say- 
mg  that  the  plate  has  a  linear  or 
"wedge"  contribution  to  its  thickness 
variation  in  addition  to  its  convexity. 

So  long  as  (x2  +  y2  )  *5  is  sufficiently 

less  than  the°radi8s  of  the  plate  that 
edge  effects  can  still  be  neglected,  we 
may  expect  the  analytic  predictions  to 
hold  -  provided  that  we  reference  our 
(x,z)  system  to  (x0,z0). 

Returning  to  Figure  4b,  note  that 
there  are  two  resonant  modes,  spaced 
close  to  each  other,  at  31  and  35  kHz 
above  the  (5,0,0)  mode.  Figure  5  is  a  plot 
of  the  frequency  separation  between  f5mp 
and  f 5oo  (at  f500  ~  100  mHz)  versus 
radius  of  curvature  of  the  plate  (R) . 
Remembering  that  at  (x,z)  =  (x0,z0),  only 
even  order  modes  (in  both  x  and  z)  are 
excited,  we  may  identify  these  modes  as 
the  (5,0,2)  and  the  (5,2,0)  modes  for  a 
plate  with  a  radius  of  curvature  of  =65 
meters . 

Offsetting  the  probe  by  .2  mm  in 
the  z  direction,  we  see  a  new  mode  appear 
beside  the  (5,0,0)  mode,  =15  kHz  above  it 
(Figure  4c).  Referring  again  to  Figure  5, 
this  is  the  (5,0,1)  mode.  Similarly,  off¬ 
setting  the  probe  by  .2  mm  in  the  x  dir¬ 
ection  we  see  the  (5,1,0)  mode  (Figure  4d). 
If  the  probe  were  offset  in  both  x  and  z 
we  would  see  the  (5,0,1)  and  (5,1,0) 
modes,  as  well  as  the  (5,1,1)  mode  appear¬ 
ing  between  the  (5,0,2)  and  (5,2,0)  modes. 
Note  that  the  (5,1,1)  mode  has  a  very 
small  motional  capacitance  as  compared  to 
the  other  modes  observed,  and  will  there¬ 
fore  be  more  difficult  to  find. 


d)  Locating  the  probe  arbitrarily  in 
x  and  z  will,  in  general,  allow  ex¬ 
citation  of  all  possible  modes. 

e)  Higher  order  terms  are  more  depend¬ 
ent  upon  edge  conditions  than  lower 
order  terms  and  therefore  will  not 
fit  the  model  as  well. 


Using  (17)  and  (18)  we  may  predict 
how  Cmot  will  vary  with  probe  location 
over  the  crystal  surface.  Figure  6  shows 
'-mot  variation  as  the  probe  is  moved 
along  the  z  axis,  at  x  =  x  .  The  probe 
location  at  which  the  ( 5 , 0? 1 )  mode  peaks 
can  be  used  to  calculate,  through  (17), 
the  radius  of  curvature  of  the  plate. 

This  procedure  has  proven  to  be  more  rel- 
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table  in  practice  than  that  of  examining 
mode  frequency  separations. 

Automated  Measurement  System 

A  system  has  been  built  which  auto¬ 
matically  examines  a  crystal  plate  and 
determines  (x„,z0),  and  R.  With  reference 
to  Figure  7,  the'system  operates  using  the 
lollowing  procedure: 

1.  Orient  the  crystal  plate  so  that 
the  x  axis  of  the  plate  in  on  an  axis 
of  the  test  fixture. 

2.  Scan  the  plate  in  the  x  and  z  dir¬ 
ections  to  find  the  lowest  frequency 
mode,  (n,0,0),  at  the  operating  over¬ 
tone.  Find  the  location  on  the 
plate  at  which  the  response  of  this 
mode  is  strongest.  This  is  (x0,z0). 

3.  Scan  the  z  axis  of  the  plate,  keep¬ 
ing  x  =  x0,  and  locate  the  point  at 
which  the  response  of  the  (n,0,l) 
mode  is  the  strongest.  The  (n,0,l) 
mode  is  the  mode  which  is  closest  in 
frequency  to  that  of  the  (n,0,0)  mode. 

4.  Calculate  R  from  the  separation 
along  the  z  axis  of  the  response 
peaks  of  the  (n,0,l)  and  (n,0,0) 
modes . 

5.  If  reasonable  data  cannot  be  ob¬ 
tained  after  some  predetermined 
maximum  time,  discontinue  operation- 


test  fixture  translates  the  crystal  plate 
under  the  probe,  in  response  to  measure¬ 
ments  made  by  the  (scalar)  network 
analyzer.  If  a  test  runs  too  long  or  if 
the  results  are  not  reasonable  the  test  is 
discontinued.  Since  the  test  requires 
locating  response  maximums  and  frequencies, 
substantial  translational  movement  and 
several  detailed  frequency  searches  are 
required.  Test  times  typically  range  from 
15  to  35  seconds. 

The  accuracy  of  the  automatic  measure¬ 
ment  is  limited  by  four  principal  sources 
of  error.  These  are: 

1.  Equipment  errors  -  The  resolution 
limit  of  the  (digiti^d)  network 
analyzer  measurement. 

2.  Plate  placement  error  -  Caused  by 
nonuniformities  in  the  plate  and  the 
fixturing.  This  error  only  affects 
location  of  the  point  (x0,z0). 

3.  frequency  measurement  error. 

4.  Translation  error  -  Caused  by  the 
finite  stepping  motor  step  size  and 
the  control  algorithms. 

Estimates  of  the  above  errors  were  made 
for  crystal  plates  operating  at  a  freq¬ 
uency  fjgg  =  100  mHz.  One  hundred  plates 
were  each  measured  one  hundred  times.  The 
predicted  and  measured  repeatabilities 
(one  standard  deviation)  were 


So  long  as  the  electrical  resistance 
presented  by  the  crystal  plate  at  series 
resonance  of  all  of  the  modes  of  interest 
(after  impedance  matching,  if  appropriate), 
is  greater  than  the  characteristic  imp¬ 
edance  of  the  reflection  coefficient 
measurement  equipment  (typically  50  ohms), 
the  magnitude  of  the  reflection  coefficient 
at  resonance  is  monotonical ly  proportional 
to  C'mot-  The  relationship  between  the 
plate  radius  of  curvature  and  the  mode 
separation  as  described  above,  found  by 
numerical  integration  of  (17)  is  approx¬ 
imately 


where  S  =  separation  along  the  z 
axis  between  the  (n,0,0) 
and  the  (n,0,l)  mode 
peaks . 

R  =  radius  of  curvature 

a,b  =  constants,  valid  for 
»1#  frequency  range 
about  a  nominal  freq¬ 
uency  . 


(x0,z0)  Mode  Separation 


(location) 

(peaks) 

Anticipated: 

.047  mm 

.037  mm 

Measured: 

.067 

.031 

Minimum  measured: 

.034 

.028 

Maximum  measured: 

.081 

.037 

The  mode  separation  errors  can  of  course 
be  related  to  radius  of  curvature  errors 
through  (20) . 

The  usefullness  of  the  system  turned 
out  to  be  limited  by  several  factors.  For 
plates  with  R  >  1000  meters  edge  effects 
perturbed  the  data  and  the  measurements 
did  not  fit  the  model  well.  For  plates 
with  R  <  40  meters  measurement  errors 
become  severe.  Some  plates  simply  do  not 
have  plano-convex  or  convex-convex 
surfaces . 

Summary 


A  block  diagram  of  ttie  automated  test 
system  is  shown  in  Figure  8.  The  test  is 
run  under  microcomputer  control.  The 


The  air-gap  response  of  convex 
surface  AT  quartz  plates  has  been  analyzed 
and  the  results  used  to  describe  a  set 
of  measurements  from  which  the  surface 
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profile  of  the  plate  may  be  ascertained. 

An  automated  test  system  for  making  the 
measurements  and  performing  the  necessary 
calculations  has  been  described.  This 
system  has  proven  to  be  very  useful  in 
characterizing  quartz  plates  to  be  used 
for  many  tight  tolerance  applications  and 
also  for  understanding  the  effects  of 
quartz  plate  manuf actur incj  parameters. 
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1.  Schematic  Drawing  of  Experimental 
Air-Gap  Probe. 


2.  Magnitude  of  Reflection  Coefficient 
vs.  Frequency  for  Several  Arbitrary 
Probe  Locations,  1mm  dia.  probe. 


3.  3  Lowest  Order  Hermite  Polynomials. 
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Summary 

In  this  paper  we  describe  VHF  monolithic  crys¬ 
tal  filters  with  their  thin  film  matching  Impedances 
integrated  on  the  piezoelectric  substrate  and  an 
original  method  in  the  design  and  tuning  of  such 
devices. 

With  regard  to  classical  methods,  we  start 
from  a  single  resonator,  which  electrode  sizes  take 
into  account  the  inter-resonator  spacing  of  the 
future  filter,  and  separate  them  with  a  YAG  Laser. 
Adjustment  of  inter-resonator  spacing  leads  simulta¬ 
neously  to  calculated  bandwidth  and  center  frequency 
of  the  filter  with  a  very  good  accuracy. 

Thin  film  resistances  are  then  trimmed  with 
the  same  laser  to  achieve  correct  in  band  ripple  and 
desired  3dB  bandwidth. 

By  this  method,  very  good  symmetry  of  the 
passband  is  achievable. 

This  process,  which  can  be  fully  automatized, 
is  well  adapted  to  VHF  monolithic  crystal  filter 
because  of  the  very  small  spot  size  of  the  laser 
(about  10  (tm)  while  Integrated  resistances  reduce 
influence  of  parasitic  capacitances  and  inductances 
of  the  can  and  leads  on  the  end-resonators. 

Finally,  influence  of  the  laser  output  power 
on  typical  parameters  are  discussed. 


Introduction  : 

Monolithic  crystal  filters  are  now  well-knoyn 
and  widely  used  in  telecommunication  systems  . 
Their  cost  are  strongly  coupled  to  the  manufacture 
method  which  complexity  and  difficulty  Increase  with 
frequency  and  order  of  the  filter.  The  method,  that 
we  present,  uses  widely  a  laser  as  tool  for  adjus¬ 
tment  reducing  to  a  minimum,  process  trimming  with 
masks. 

After  a  recall  of  the  classical  method  of 
tuning  and  its  drawback,  we  describe  in  detail  the 
new  laser-processed  method  while  specifying  its  li¬ 
mits.  Crystal  damages  due  to  laser  beam  are  discus¬ 
sed  and  experimental  curves  of  a  62  MHz  filter  tuned 
by  this  method  are  shown. 


Classical  method 

In  the  classical  method,  most  part  of  adjus¬ 
tment  is  made  in  a  high  vacup  apparatus  and  laser  is 
only  used  for  fine  trimming  .  Movable  slot  in  front 
of  a  mask  must  be  used  to  select  different  areas  on 
the  plate  and  a  precise  and  elaborate  mechanism  is 
necessary  when  center-frequency  and  order  of  filter 
increase.  On  the  other  hand  frequency  measurements 
are  not  accurate  due  to  the  presence  of  metallic 
masks  or  slot. 

For  VHF  monolithic  filters  masks  must  be  more 
accurate  because  electrode  size  and  inter-resonator 
spacing  are  small  to  prevent  unwanted  inharmonic 
modes  while  keeping  a  proper  thickness  to  coatings 
for  a  good  electrical  conductivity.  In  this  case 
photoetching  processes  are  better  and  Interesting  to 
use  but  one  must  tune  each  resonator  and  coupling 
through  a  mask  which  leads  to  an  increasing  number 
of  handling.  On  the  other  hand,  electrodes  misall, 
gnment  induces  asymmetry  in  electrical  behaviour^ 
which  is  sometimes  difficult  to  suppress.  Finally 
external  matching  resistances  Introduce  parasitic 
impedances  reducing  maximum  relative  bandwidth 
achievable  ;  center  frequency  tuning  is  also  more 
critical. 

Laser  processed  method 

This  method  suppresses  design  and  manufacture 
of  complex  masks  and  simplify  tuning  process  by  use 
of  laser.  On  the  other  hand,  since  start  of  process, 
we  can  take  a  particular  resonant  frequency  as  refe¬ 
rence  because  its  value  is  weakly  modified  while 
tuning  is  running.  More,  if,  during  adjustment,  this 
frequency  becomes  sensitive  tuning  of  filter  is  not 
possible. 

Various  main  steps  can  be  separated  : 

a)  From  electrical  synthesis,  typical  values 
of  parameters  in  equivalent  circuit  are  calculated. 
Electrodes  sizes  and  plate  back  are  carried  <jjut  from 
Inductances  values  and  trapping  factor  which 

formula  is  recalled  :  i - j 

<.» 

where  Li  represents  electrode  size  in  coupling 
direction 

h  is  the  thickness  of  the  plate 

Cgg  and  Cli  are  the  plezoelectrlcally 

stiffened  values  of  elastic  constants 


2dd 


Fq  and  Fr  are  cut  off  frequencies  of 
unelectroded  and  electroded  areas 

Value  of  this  trapping  factor  is  taken^equal 
to  3  to  reduce  unwanted  inharmonic  activity  *  at  a 
minimum.  Measured  inductances  are  within  5%  of  theo¬ 
retical  values. 


adjusted  at  the  following  F  value  : 

F  s  Fc  -  B/2  (2) 

-  where  Fc  is  the  desired  center  frequency  of  filter 

-  B  is  the  frequency  difference  between  the  two  main 
modes  of  the  final  filter  without  matching  impedan¬ 
ces. 


Electrical  synthesis  gives  also  etgenfrequen- 
cies  of  the  structure  when  resonators  are  all  short 
circuited . 

b)  With  a  bi-diraensionnal  elastic  thickness- 
twist  i^odel  we  calculate  inter-resonators 
spacing  *  . 

c)  With  these  data  we  generate  a  single  reso¬ 
nator  -  so  called  "equivalent  resonator"  -which 
electrode  size,  along  the  coupling  axis  of  future 
filter,  takes  into  account  calculated 

values  of  electrode  size  and  inter-resonator 
spacing  of  this  filter  as  is  shown  in  Fig.1. 

On  can  see  thf|,jeror  N  poles  filter,  resonant 
frequency  of  the  N  trapped  inharmonic  mode  in 
this  "equivalent  resonator",  and  resonant  frequency 
of  the  N  main  mode  of  the  filter  have  the  same 
value  when  inter-resonator  spacings  are  decreasing 
to  zero  (Fig.2).  vjn  the  other  hand  it  is  well-known 
that,  in  a  filter,  this  resonant  frequency  is  weakly 
modified  when  inter-resonator  spacing  is  varying, 
due  to  the  presence  of  node  line.  This  theoretical 
predicted  result  has  been  well  verified  on  three 
typical  two  poles  monolithic  filters  enhanced  by 
♦■his  method  : 

1)  a  41  MHz  fundamental  filter 

2)  a  6 2  MHz  third  overtone  filter 

3)  a  91  MHz  third  overtone  filter 

In  each  case,  when  gap  between  resonators  was 
equal  to  20  ^m,  difference  between  the  two  frequen¬ 
cies  was  not  more  than  0.2  KHz.  Consequently  this 
frequency  serves  as  reference  during  all  adjustment 
process. 


-  / \  is  a  term  that  takes  into  account  slight  rise  of 
the  reference  frequency  during  adjustment  process. 


Then,  plate,  ready  for  laser  trimming  is  moun¬ 
ted  on  its  can  and  connected  to  a  network  analyzer. 
With  a  pulsed  YAG  Laser,  electrodes  of  equivalent 
resonator  are  divided  (in  the  case  of  an  N  poles 
filter,  N-1  gap.  would  be  made). 

e)  Inter-resonator  spacing  is  then  stretched  to 
achieve  the  calculated  Bandwidth  value  ;  measurements 
of  main  resonant  frequencies  are  made  after  each 
removal  of  metal.  So  we  note  thjt  reference  frequency 
(resonant  frequency  of  the  2  main  mode)  does  not 
vary  much.  Fig. 3  and  4  show  evolution  of  these  fre¬ 
quencies  in  the  case  of  the  41  MHz  fundamental  filter 
and  the  62  MHz  third  overtone  filter. 

f)  Finally  thin  film  resistances  are  trimmed  by 
reducing  their  width  to  keep  them  in  a  strip  form. 
This  adjustment  is  very  accurate  and  leads  to  a  very 
fine  ripple  in-band  adjustment  and  also  a  very  good 
symmetry  of  the  insertion  loss  curve  versus  frequen¬ 
cy.  Figure  5  and  6  shows  the  stop  band  and  passband 
response  of  a  62  MHz  third  overtone  two  poles  filter. 
The  two  maxiraums  are  balanced  at  about  0,01  dB  which 
was  the  limits  of  the  network  analyzer. 


Final  characteristics  of  this  filter  are  : 
Center  frequency  :  62097.5  KHz  (for  62097.6  KHz  cal¬ 
culated). 

3  dB  bandwidth  :  17.5  KHz. 


This  leads  to  an  error  of  0.57  %  (related  to  the 
3  dB  bandwidth). 


So,  for^an  even  N  poles  monolithic  crystal 
filter  the  N  “  trapped  inharmonic  mode  of  the 
initial  "equivalent  resonator"  is  an  odd  mode  which 
has  not,  theoretically,  electrical  activity  .  But, 
In  pratice,  especially  in  VHF  filters,  there  is 
always  cause  of  asymmetry  and  this  mode  will  be 
piezoelectrical ly  active.  Now  for  an  odd  N  poles 
filter  f  h  i r,  mode  is  an  even  mode  which  electrical¬ 
ly  active.  Accordingly,  this  Laser  processed  method 
will  give  better  results  for  an  odd  N  poles  monoli¬ 
thic  crystal  filter. 

On  the  Figure  1  one  can  see  also  two  strips 
(noted  R  and  R*  >  which  are  the  future  matching 
resistances. They  are0  of  same  material  and  same 
thickness  (about  200  A  of  Ni-Cr)  that  the  undercoa¬ 
ting  of  electrodes.  Their  strip  shape  ensures  a 
quasi  resistive  behaviour  up  to  about  600  MHz.  Their 
width  are  calculated  to  obtain,  in  a  first  step,  a 
very  low  value.  Their  weak  thickness  does  not  dis¬ 
turb  the  mechanical  behaviour  of  filter.  Figure  1 
shows  a  design,  but  one  can  imagine  various  others. 

d )  In  the  case  of  a  two  ogles  monolithic 
filter,  resonant  frequency  of  the  2na  trapped  inhar¬ 
monic  mode  in  the  Initial  "equivalent  resonator"  is 


This  case  was  the  better.  For  the  two  other 
cases  (41  MHz  and  91  MHz)  center  frequencies  and  3  dB 
bandwidth  was  tuned  at  about  1.5  %  of  the  correct 
value,  due  to  a  more  inaccurate  measurement  of  the 
reference  frequency  in  the  initial  equivalent  resona¬ 
tor.  (for  reason  exposed  in  c). 

One  must  note  that  if  the  reference  frequency 
becomes  increasing  too  much,  process  will  not  conver¬ 
ge.  Correct  value  of  inter-resonator  spacing  Is 
exceeded  and  bandwidth  cannot  more  be  reduced.  This 
due  to  an  extreme  decrease  of  dimension  size  of 
resonators  which  leads  to  a  less  effective  trapping 
of  main  modes. 

Laser  beam  Interaction 

At  this  time  it  remains  one  drawback  s  laser 
YAG  does  damages  to  the  quartz  crystal.  One  thinks 
that  it  will  be  possible  to  cancel  them  or  reduce 
strongly  their  effects,  because  various  filters  had 
no  visible  defects.  These  damages  are  superficial 
melting  of  quartz  crystal  which  affect  Q  of  the  first 
main  mode.  More  often  than  not,  damages  are  on  the 
side  exposed  to  laser  beam  and  not  on  the  opposite 
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side  which  is  machined  simultaneously. 

We  think  that  there  are  various  possible  ways 
to  solve  this  problem. 

1 )  by  defocussing  laser  beam  to  reduce  its 
energy  density  to  the  required  vaporization  metal 
value. 

2)  by  reducing  pulse  duration. 

3)  by  vaporizing  with  a  string  of  pulses  which 
first  of  them  decreases  the  reflexion  coefficient  of 
material  that  will  be  vaporized,  by  the  following 
pulses  . 

9)  by  modifying  laser  characteristics  such  as 
wavelength. 

Conclusion  and  further  developments 

A  new  method  for  monolithic  crystal  filters 
adjustment  using  widely  laser  machining  has  been 
described.  This  process  suppresses  manufacture  of 
delicate  masks  because  we  start  from  a  single  reso¬ 
nator  and  leads  to  the  correct  final  characteristics 
of  the  filter  with  a  very  good  accuracy  because  we 
take  as  reference  a  trapped  mode  of  initial  resona¬ 
tor  which  frequency  does  not  vary  much  during  the 
process. 

On  the  other  hand  we  integrate  matching  resis¬ 
tances  on  the  plate.  In  this  way  we  get  truly 
monolithic  crystal  filter  by  opposition  to  the  Hy¬ 
brid  Integrated  monolithic  crystalgfilter  presented 
by  Kazuo  Okuno  and  Takaya  Watanabe  . 

We  think  that  this  powerfull  method,  well 
adapted  to  VHF  filters,  is  very  interesting  for  ease 
of  higher  order  filters  because  leading  to  a  more 
simple  tuning  process. 
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Figure  1 

Initial  "equivalent  resonator"  with  on  plate  NICr  thin 
film  Integrated  matching  resistances.  (R  and  R * ) . 
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Figure  2  : 


I 


Thickness-twist  displacement  amplitude  distribution  of  the 
2nd  trapped  inharmonic  mode  In  the  "equivalent  resonator" 
in  a),  and  of  the  2nd  main  mode  In  the  corresponding  filter 
In  b),  when  gap  between  the  two  resonators  Is  small.  In 
this  case  frequency  Is  not  modified  by  the  gap  due  to  the 
presence  of  the  node  line. 
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Figure  3  •  Evolution  of  the  two  main  mode  resonant  frequencies  versus 
Inter-resonator  spacing  for  a  41  MHz  fundamental  filter. 
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Figure  4  : 


Same  curve  as  in  Figure  3  but  for  a  6 2  MHz  third  overtone 
filter. 
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Figure  5  :  Aspect  of  the  stopband  of  a  62  MHz  third  overtone  laser 
processed  monolithic  filter. 


?48 


''•th  Alin.  1  rrij,  I  mil  ml  './min  ,inm,  IISAf  KADI  Of',  It  .  Monmouth  ,  N. 


07/01,  May  1  C“31 


UNNANTRl  MODES  IN  0°  X-CttT  CRYSTAL  UNITS 


J .  J .  Ho  ye r 

K*1  1  Telephone  La  bora  to  ries,  incorporated 
665  Union  boulevard 
Allentown,  Pennsylvania  1810} 


Nummary 

Groups  of  L> '  X-  cut  resonators  with  common 
w;.;th  or  thickness  dimensions  and  with  w/ 1  ratios 
tttwe*-n  . , .  1  ana  vJ.«.  have  teen  frequency  scanned  in 
a  full  lattice  bridge  for  the  purpose  of  locating 
an.1  ill  er.t  i  tying  their  unwanted  modes.  The  fourth 
i  »-ng  th- th  it:  kness  flexure  ar.d  second  length  torsion 
Tides  have  teen  identified.  Also,  several  modes 
r.ave  beer,  fount  to  be  independent  of  plate  thick¬ 
ness  and  plate  widtr. .  They  intercept  the  main 
itr.gth  extensior.ai  mode  at  .11*:  and  .164  w/ 1 . 

The  mode  dnta  obtained  have  been  plotted  in  a 
convenient,  form  and  should  prove  useful  in  design¬ 
ing  ►  x  t.en- ;onal  resonators  to  be  free  of  unwanted 
modes  that  can  occur  near  the  main  resonance  fre¬ 
quent’  y . 


Introduc  tion 

occasionally  difficulties  are  experienced  with 
in  wanted  resonances  in  crystal  filters  and  oscilla¬ 
tor!.  These  unwanteds  are  traced  to  the  offending 
crystals  whose  plate  dimensions  are  then  changed 
slightly  to  move  them  to  a  less  sensitive  part  of 
the  frequency  spectrum.  Air  loading  is  an  alterna¬ 
tive  method  of  dealing  with  unwanted  modes  in  cry¬ 
stal  units.  Here  the  crystal  enclosure  is  sealed 
at  partial  or  full  atmospheric  pressure  to  suppress 
the  modes  if  the  requirements  on  w  permit. 

The  frequencies  of  most  unwanteds  are  con¬ 
trolled  by  plate  width  or  by  plate  thickness,  both 
tr.ese  parameters  are  normally  used  by  the  crystal 
designer  to  achieve  desired  equivalent  circuit 
values  i  ri  the  resonator  and  to  standardize  quartz 
plate  dimensions  over  a  range  of  frequencies.  Thus 
the  probability  of  an  encounter  with  these  unwanted 
modes  13  good. 

Measurements 

The  conv  en  1 1  one  1  measurement  scheme  for  fre¬ 
quency  scanning  crystal  units  is  shown  on  Figure  1. 
It  consists  of  a  signal  generator,  attenuator,  half 
lattice  bridge,  and  detector.  The  crystal  is 
placed  in  one  arm  of  the  bridge.  The  adjustable 


capacitor  in  the  other  arm  is  used  to  balance  the 
static  capacitance  of  the  crystal.  The  major 
disadvantage  of  this  scheme  is  that  within  about 
10%  of  the  main  resonance  the  crystal  no  longer 
behaves  like  the  capacitor,  and  thus  the  bridge 
becomes  unbalanced.  The  resultant  level  of  signal 
transmission  tends  to  hide  all  but  the  strongest 
unwanted  modes  in  the  vicinity  of  the  main  reso¬ 
nance  . 

Th  s  shortcoming  was  overcome  by  substituting 
a  crystal  that  was  identical  to  the  one  being  meas¬ 
ured  for  the  adjustable  capacitor  in  the  bridge, 
converting  it  to  a  full  lattice  configuration. 

High  loss  levels  were  now  attainable  at  frequencies 
very  close  to  resonance,  and  unwanteds  were  readily 
located  within  these  regions.  One  important  bonus 
from  tli  is  measurement  scheme  is  that  both  the 
bridge  crystal  and  the  crystal  under  test  are 
scanned  simultaneously.  Whenever  possible  three 
crystals  of  each  design  were  measured  and  the 
responses  averaged  and  plotted.  If  a  response  was 
found  in  only  one  crystal  it  was  not  weighted  as 
heavily  unless  it  was  located  on  a  locus  of  points. 
The  detected  resonance  frequencies  were  expressed 
as  follows: 

rreg.  Unwanted  Mode  ,  2b,  Q  kHs  „ 

Freq.  Main  Extension  Mode 

and  are  plotted  versus  the  plate  wid th- to- leng th 
ratio . 

Discussion 

The  first  group  of  crystals  scanned  were  sam¬ 
ples  of  the  development  models  used  for  signaling 
filters.  The  mode  spectrum  is  shown  in  Figure  2. 
Notice  the  coupling  between  what  has  been  tenta¬ 
tively  identified  83  the  6th  1-t  flexure  and  the 
extensional  mode  (main  mode)  at  0.12  w/ 1  and  2810 
kHz  mm.  This  is  obviously  a  w/ 1  to  be  avoided  when 
using  .381  ran  thick  plates.  Also  of  interest  is 
the  mode  which  parallels  the  extensional  mode. 

Tms  mode  appears  in  all  of  the  crystals  scanned. 

At  first  it  was  thought  to  be  some  kind  of  intermo¬ 
dulation  product  of  the  test  equipment;  however, 
the  mode  does  couple  to  the  6th  1-t  flexure  just 
below  w/ 1  ■  .12.  This  is  therefore  a 


250 


characteristic  of  a  plate  mode  and  not  equi  pment 
related.  This  mode  exhibits  a  temperature  coeffi¬ 
cient  of  frequency  similar  to  that  of  the  main 
mode;  thus,  it  never  crosses  the  patn  of  the  main 
mode  as  the  temperature  is  varied.  It  in  undoubt¬ 
edly  the  principal  reason  why  channel  bank  filter 
crystal  units  are  sealed  at  atmosphere  rather  than 
evacuated.  Evacuation  tends  to  enhance  the 
strengths  of  unwanted  modes  because  of  the  absence 
of  air  loading  on  the  quartz  plate,  and  these  modes 
would  then  appear  in  the  passband  of  these  wideband 
til ters . 

No  unwanted  resonances  were  found  immediately 
above  the  main  mode  at  the  w/ 1  ratio  of  .  1}v.  This 
is  noteworthy  because  this  design  exhibited  on 
unwanted  mode  during  initial  manufacture  by  bo  ti 
the  western  Electric  Company  and  outsidt  suppliers, 
whereas  the  d ev  el ojr.»en  t  models  had  no  unwanted 
modes  at  this  location.  A  plate  width  change  elim¬ 
inated  the  problem.  The  difference  between  the 
development  and  production  groups  was  in  the  method 
of  tuning,  and  this  may  have  provided  a  sigrificant 
insight  into  how  some  unwanted  modes  can  be  driven 
m  these  resonators.  Tne  development  models  were 
adjusted  to  frequency  by  hand  abrading  the  length 
end  of  the  plate  which  results  in  a  reasonably 
orthogonal  end  surface  when  finished.  The  produc¬ 
tion  models,  however,  were  tuned  to  frequency  with 
an  airborne  abrasive  which  resulted  in  a  predom¬ 
inantly  wedge  shaped  er.d  of  the  plate.  Miller  has 
found  that  wedge  shaped  end 3  do  indeed  change  both 
the  amplitude  and  location  of  unwanted  modes.  It 
is  therefore  possit  Le  that  one  of  the  adjacent 
unwanted  modes  was  moved  closer  to  the  main  mod*'  by 
this  tuning  method. 

Another  possible  explanation  of  the  difference 
m  the  unwanted  mode  spectra  between  the  develop- 
irent  aqu  production  units  must,  be  accommodated. 
Meeker4  has  calculated  that  there  are  many  combina¬ 
tions  of  overtones  and  anha  nnomes  of  known  modes 
that  at  least  are  mathematically  possible.  Some 
occur  near  the  main  mode.  Most  of  these  modes  are 
not  1  r  1  v  en  because  they  are  charge  canceled  by  the 
symmetry  of  the  device.  However,  this  symmetry  can 
be  upset  by  tuning  the  plate  with  abrasive,  esp>e- 
,ia.ly  the  airborne  variety.  This  can  result  in  a 
small  net  charge  on  the  plate  which  may  weakly 
1  r  1  v  e  t h <  se  modes. 

figure  '  is  a  plot  of  a  group  of  resonators 
witr.  a  slightly  i  life  rent  plate  width  dimension. 

N  i„  ♦  e  the  unwanted  mode  that  intersects  the  exten- 
s.oriai  mode  ?,  ♦  .  thh  w/  *  .  This  ratio  should  be 
avoided  in  design*. 

Figure  4  was  generated  fro®  a  third  group  of 
piates  ,KA/  air  thick  and  .  .  Vt  m.  wide.  The  low 
wid  th-  to- thickness  ratio  of  this  design  permitted 
the  application  of  a  finite  eLement  analysis  pro¬ 
gram  that  was  developed  for  tars  to  the  range  of 
w/ 1 ' s  covered. 


The  computed  results  are  plotted  in  Figure  u. 
An  origin  was  added  because  it  is  a  data  point  for 
all  length  dependent  flexures  when  length  in  the 
variable.  The  plot  includes  the  ex  pu r imeri ta i  data 
points  (  x)  of  Figure  4. 

There  appears  to  be  very  good  agreement  on  th** 
locations  and  on  the  couplings  between  the  calcu¬ 
lated  and  experimental  data  leading  one  to  conclude 
that  the  loci  are  those  of  the  fourth  1-t  flexure 
and  the  second  torsion  modes.  (The  coupling  can  t» 
related  to  the  distance  of  closest  proximity 
between  modes;  therefore,  the  second  torsion  and 
fourth  l-t  flexure  couple  more  strongly  than  do  th* 
fourth  l-t  flexure  and  the  fundamental  extensions, 
modes  . ) 

A  second  analysis  was  performed  on  the  same 
piste  except  the  width  of  the  plate  was  varied 
instead  of  the  length.  This  was  done  to  demon¬ 
strate  how  the  torsional  modes  in  the  plate  move 
relative  to  the  change  in  the  plate  width.  Figure 
6  is  a  plot  of  the  results.  As  a  point  of  refer¬ 
ence,  w/ 1  e  .1422  is  common  to  both  Figures  S  and 
E.  It  shows  that  a  w/ 1  from  .14  to  .18  would  te 
free  of  torsion  modes.  (There  is  a  coupling  at  w /  1 
*  .104  which  the  analysis  does  not  predict.  li 
will  be  discussed  later.) 

Figures  7,  8  and  9  are  plots  of  5>°  X-cut  reso¬ 
nators  covering  the  same  w/ 1  ratios  and  having  the 
same  thickness.  Each  group,  however,  has  a 
slightly  different  width.  From  this  one  should  g*  ♦ 
an  indication  of  how  unwanted  modes  vary  as  a  func¬ 
tion  of  plate  width.  For  instance,  on  Figure  7, 
the  mode  whose  locus  of  points  crosses  w/ J  s  .  17 
and  27  10  kHz  mm  does  not  appear  on  Figures  8  and  i 
at  that  location;  therefore,  it  can  be  assumed  to 
be  n  width  dependent  mode.  A  mode  of  similar  slop*- 
doe.-  appear  at  .18  w/ 1  and  29 70  kHz  mm  on  Figure  7 
and  at  .18  w/1  and  5185-  kHz  mm  on  Figure  -j .  The 
shifts  in  loci  are  not,  however,  inversely 
proportional  to  the  plate  widths  as  would  be 
expected  for  a  width  flexure.  Tie  identity  of 
these  modes  will  therefore  have  to  wait  for  further 
anal ysis . 

There  are  a  considerable  number  of  randomly 
located  modes  ir»  these  last  three  figures  that  may 
be  related  to  asymmetry  in  the  plate  geometry  as 
mentioned  earlier.  These  modes  appear  to  be  more 
prevalent  in  the  thinner  plates  possibly  because  of 
the  relatively  larger  damage  sustained  by  the  plate 
during  frequency  adjustment. 

As  suggested  in  Figure  7,  w/1  *  .188  should  be 
avoided  when  designing  a  quartz  plate  .<’74  ran  thick 
and  j.2b  ran  wide.  Figure  9  indicates  that  w/1  = 

.177  should  not  be  used  when  designing  a  plate  .  2’74 
mm  thick  and  2.72  mm  wide. 

Figure  10  is  a  plot  of  the  modes  in  a  group  of 
resonators  whose  dimensions  were  t*.284  mm  and  w  - 
' .  07  mn  .  There  appear  to  be  many  modes  in  this 
plot,  especially  below  2800  kHz  mm,  and  some  data 
points  can  be  connected  several  ways.  There 
appears,  however,  to  be  a  mode  with  a  negative 
slope  intersecting  the  extensional  mode  at  w/1  ■ 
.17',  as  well  as  one  with  a  positive  slope  crossing 
over  at  w/1  *  .  1b4 . 


If  the  preceding  experimental  data  figures  are 
overlaid,  some  interesting  information  emerges. 

For  instance,  regardless  of  the  plate  widths  and 
thicknesses,  four  unwanted  modes  have  the  same 
loci.  These  modes  are  shown  on  Figure  11.  The 
third  i-w  flexure  and  the  mode  below  and  parallel 
to  the  extensional  mode,  as  expected,  are  at  the 
same  place  in  all  figures,  but  two  other  modes  that 
intersect  the  main  mode  at  w/ 1  “  .112  and  .164  are 
also  present.  They  have  been  compared  with  calcu¬ 
lated  mode  spectra,  but  they  do  not  match.  For¬ 
tunately  these  modes  have  fixed  locations  of  w/ 1 
regardless  of  the  thickness.  They  can  therefore  by 
easily  avoided  when  designing  resonators. 

In  summary,  this  investigation  has  uncovered 
many  weak  unwanted  inodes  in  5  X-cut  resonators; 
some  of  which  have  been  identified.  It  has  also 
suggested  that  some  methods  of  frequency  tuning 
these  resonators  can  actually  generate  these  modes. 
It  follows  that  proper  choice  of  plate  dimensional 
ratios  and  care  in  the  frequency  adjustment  opera¬ 
tion  will  result  in  improved  resonators. 
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Figure  1  Bridge  schematic  for  measurement  of 
unwanted  modes. 
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Abstract 

The  traditional  stacked  crystal  filter  (SCF) 
is  composed  of  two  bonded  piezoelectric  plates 
with  a  common  ground  plane  at  the  bond  line.  Thus, 
the  filter  input  and  output  terminals  are  largely 
isolated  by  the  ground  plane  electrode  to  provide 
a  high  degree  of  off  resonance  rejection.  In 
operation,  the  system  is  driven  to  resonance  by 
the  input  resonator  (transducer)  and  the  resulting 
energy  is  radiated  to  the  output  plate  which  acts 
as  a  receive  transducer  to  couple  the  energy  to  the 
external  electrical  circuit. 

In  the  SCF  the  input  to  output  coupling  is 
much  stronger  than  in  the  case  of  monolithic  filter 
because  radiated  fields  are  involved  rather  than 
trapped  energy  modes.  This  implies  that  the  exter¬ 
nal  circuit  may  have  a  more  significant  affect  on 
the  filter  pass  band  shape. 

Considerable  analysis  of  this  filter  geometry 
has  been  carried  out  by  Ballato  using  a  wave  propa¬ 
gation  and  boundary  value  problem  approach.  In 
order  to  gain  some  insight  into  the  device 
characteristics,  we  have  adopted  an  equivalent 
circuit  model  approach  based  upon  the  Mason  model 
for  a  single  pure  mode  in  a  piezoelectric  disk. 

For  the  case  of  a  simple  symmetrically  bonded  pair 
of  disks  the  resultant  lumped  element  equivalent 
circuit  may  be  readily  evaluated  to  determine  the 
filter  response  in  terms  of  Butterworth-VanDyke 
eouivalent  circuit  parameters. 

In  order  to  implement  the  SCF  conf iguration  at 
high  frequencies,  using  microelectronic  techniques, 
a  different  physical  configuration  has  been  inves¬ 
tigated.  This  configuration  is  similar  to  the 
composite  resonator  described  previously  and  offers 
significant  advantages  in  terms  of  implementation 
and  device  operating  characteristics . 

Introduction 

The  stacked  crystal  filter,  SCF,  is  a  rela¬ 
tively  simple  device  composed  of  two  piezoelectric 
plates  configured  such  that  the  driven  fields  from 
one  plate  are  directly  radiated  to  the  second 
plate.  The  basic  device  configuration  is  shown 
in  Fiq.  1  and  can  be  compared  to  the  monolithic 
crystal  filter  depicted  in  Fig.  2.  Of  critical 
importance  to  device  implementation  and  operation 
is  the  bond  region  between  the  two  piezoelectric 
plates.  This  region  must  be  a  conductor  in  order 


to  form  the  ground  plane  electrode  yet  must  have 
the  appropriate  acoustic  propertie.  to  insure  low 
propagation  loss  and  desirable  bandpass  filter 
characteristics.  In  the  lower  HF  range  the  tech¬ 
nology  exists  for  implementing  this  configuration 
and  successful  devices  have  been  demonstrated . 2-fi 
However,  there  is  much  less  demand  for  low  loss 
filters  in  this  frequency  range  as  compared  to  the 
VHF,  UHF  and  microwave  frequency  range.  At  these 
higher  frequencies  the  receiver  front  end  filter 
has  a  significant  affect  on  the  overall  noise 
figure  of  the  system.  In  addition,  the  need  for 
low  loss  miniature  channel  filters  has  been  left 
unful f i lied. 

Unfortunately ,  the  problem  of  crystal  plate 
bonding  in  the  SCF  is  extremely  difficult  at  these 
high  frequencies.  However,  the  thin  film  tech¬ 
nologies  of  chemical  vapor  deposition  and  sputter¬ 
ing  of  piezoelectric  films  offers  a  clear  solution 
to  the  bonding  problem.  The  only  drawbacks  to  the 
thin  film  approach  is  the  tact  that,  in  the  VHF 
region,  the  available  technology  may  produce  films 
of  less  than  the  required  thickness  and  the  films 
may  lack  the  mechanical  strength  required  for 
device  fabrication  and  mounting.  For  example,  the 
basic  SCF  configuration  of  Fig.  3a  would  require  a 
total  plate  thickness  of  approx imately  50  ,.m  at 
100  MHz.  Such  a  thin  structure  composed  of  non¬ 
single  crystal  materials  would  be  fragile  and 
difficult  to  mechanically  support. 

For  a  practical  filter  implementation  at  high 
frequencies  we  have  proposed  two  other  SCF  config¬ 
uration  that  promise  a  greater  likelihood  of 
successful  implementation,  Fig.  3b, c.  In  Fiq.  3c 
the  extended  SCF  configuration  resembles  an  ordi¬ 
nary  acoustic  delay  line  except  that  the  total  de¬ 
lay  would  correspond  to  approximately  one  half 
acoustic  wavelength.  The  problem  with  this  config¬ 
uration  is  that  the  delay  line  region  can  produce 
an  impedance  transformation  which  siqnificantly 
alters  the  filter  response,  and  requires  a  two- 
sided  fabrication  process.  The  compo.ite  stacked 
crystal  filter,  CSCF,  of  Fig.  3r  offers  some  sig¬ 
nificant  fabrication  and  operational  advantages 
for  the  higher  frequency  SCF  implementations. 

Both  of  these  configurations  could  avoid  the  pro¬ 
blem  of  mechanical  strength  by  using  single  crystal 
material  for  the  delay  path.  The  configuration 
of  Fig.  3c  is  suggested  by  the  composite  resonator 
devices  recently  reported. 7iB 
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Based  upo-j  the  fi ><-v i ou ••  di  •■  us  ion  it,  is  dear 
th.it  there  ere  a  large  number  of  Mi!  device  ronfig- 
urtf’  >tr,  (it'd  materiel  1  comh  ina  t  i  oils  that  could  he 
it'Vi  fi'Mted,  With  this  fact  in  mind,  the  research 
■•■ported  here  was  initiated  with  the  goal  of  de- 
••’vici  i  irj  '  e  <  i  ecu  it  model,  the  SCI,  which  could 
a'..ii,.'ed  fei  the  |'ir'|i,si;  of  finding  a  relation 
In  - '  went,  is  i  •  r  mi!  , i, ir.tr  .  •■■is  which  could  he  used  t.o 
a,  .  rsiteril  r  .  ■  ju  i  >'omrr  t.  in  terms  of  filter  per- 
'  rm,"  epiarv  concern  was  the  r  oupl  inq 

e *  ’  i  i e n t  a e a  me,,  han ic a  1  0  regu  i  red  to  achieve  a 
.mi  ’  iilae  -ir  •  inum  insertion  Urr  in  the  tiller. 

i  cjtj  i  v  ,t  lent  Circuit  Model  iraj 

!■  order  to  obtain  a  first  order  knowledge  of 
a'T  operation  the  Mason  lumped  element  circuit, 
redel  wa ■  applied  to  the  configurations  of 
interest.  This  model  only  appl  if.  exactly  to  the 
case  of  single  mode  plane  wave  propagation  yet. 
give  a  good  picture  f  devi' e  operation  when  the 
•■('sonator  tra  .verse  dimensions  are  finite  so  long 
is  only  a  .ingle  mode  resonance  is  observed.  The 
Masor  model  may  be  applied  in  a  form  suggested  by 
fig.  4.  Here  two  m,i  ,on  models  are  shown  in  a 
back -tr-back  configuration  as  a  LETT  model  and 
R!GMT  model .  Th<‘  right  acoustic  port  of  the  LEFT 
model  is  connected  directly  or  through  a  trans- 
" i s  io1  line  fn  the  left  acoustic  port  of  the 
R  I’3iiT  model.  The  other  U'ou  tic  ports  are  assumed 
to  be  terminated  in  passive  loads  denoted  by  / 1. 
and  7R.  The  circuit  parameters,  without  sub¬ 
script  . ,  are  gi yen  by , 

C  "  constant  st-ain  capacitance 


Once  in  the  form  of  an  electrical  lumped  element 
network  there  are  numerous  circuit  analysis  tech- 
nigues  that,  can  be  used  to  determine  the  system 
transfer  function.  Since  the  Mason  model  is  now 
in  the  form  of  a  two-port  network,  a  simple  AECD 
matrix  cascading  scheme  may  be  employed. 

In  the  case  of  the  most  basic  SCF  configura¬ 
tion,  both  piezoelectric  plates  are  identical,  the 
passive  acoustic  loads  are  of  zero  impedance,  and 
the  bond  region  between  the  two  plates  is  perfect 
and  of  zero  thickness.  In  this  case  the  network 
reduces  to  the  simple  conf igura tion  of  fig.  5. 

Thi ,  network  could  be  easily  analyzed  using  con¬ 
ventional  techniques.  However,  it  is  useful  to 
simplify  the  network  by  a  series  of  transformation 
between  P!  and  T  networks  as  suggested  in  Fig.  5. 
After  considerable  algebra  the  network  of  Fig.  5 
result,  with  the  simple  PI  network  values  given  by, 

Zr?  ■  r’c  (1-K2  ta”  ), 

Zc  =  Zs  (1-COt2!), 


Zs  =  2Zr1Xc/(2Zr1+Xc) , 
Z r,  =  (1-K2  tarp ), 


and  Xc  j/(-C/2)  ' 

Note  that  Zr-  represents  a  free  plate  resonator  of 
the  combined^thickness  of  the  two  plates  and 
that  Zr,  is  the  impedance  of  a  single  plate 
resonator . 


jZo  tan; 

charai  teristic  impedance  of  the  piezoelectric 
Tectrnmechanical  coupling  coefficient 
phase  across  piezoelectric  plate 
■f/f0 

parallel  re  onant  frequency  of  plate 


saly; .is  purposes  it.  is  useful  to  transform  the 
T  into  a  totally  electrical  circuit,  by  "drifting" 
aft, -most  transformer  to  the  right  to  form  the 
it  of  Tig.  4b.  In  this  manner,  all  acoustical 
arises  are  changed  to  electrical  impedances  and 
’informer  in  Tig.  4b  has  a  dimensions  lev 
i at  io.  The  new  impedances  are  now  givpn  by. 


i z  ta  n  ■  1  , 

/-,1'; 

-  jZf/oz/Zol  H'.c  ?, 
l/'/oz/Zol ) tan T , 
/(■*»..  /o  1  )  . 


i / ; k ; 2  ci), 


The  network  in  Fig.  6a  is  exact  within  the 
Mason  model  approximation  but  may  be  simplified 
for  those  frequencies  around  the  filter  trans¬ 
mission  peak  near  fo.  Near  fo  Zc  -  Zs  and  the 
network  in  Fig.  6b  results  where  2Zr,  is  in 
parallel  with  a  capacitor  of  value  -C/2.  In  order 
t.o  gain  a  further  physical  insight  into  the  filter 
operation  it  is  useful  to  expand  2Zr,  into  the 
Butterworth-VanOyke  equivalent  circuit  and  note 
that  only  the  series  arm  of  the  model  is  left  when 
the  -C/2  capacitor  is  substracted.  The  exact  form 
for  Zs, 

Zs  =  ^  rot: -1 ) 

may  be  expanded  about  ; = - / 2  directly  as  an  alter¬ 
native  approach.  In  either  case  the  network  of 
fig.  7  result'..  The  loss  term  is  of  major 
interest  and  is  given  by 


i/f  crQ) 


where  Q- 


Here  /■;  is  the  electrical  phase  of  the  impedance 
of  a  single  free  plate  resonator  and  fr  is  the 
parallel  nr  series  resonant  frequency. 


The  simple  PI  network  in  Fiq.  7  may  be  further 
analyzed  to  find  the  power  transfer  function  or 
insertion  loss  at  series  resonance, 

Il.dB  =  POtoqf  1  +  (q  +  l/q)/p] 

where  q  =  .  CRg 
and  P  =  K2Q. 

The  insertion  loss  is  a  minimum  when  q  -  ,CRg=l. 
This  also  corresponds  to  the  case  of  maximum  band¬ 
width  where  the  source  and  load  resistances 
.  i qni f icantly  load  fhe  series  resonant  circuit. 

For  a  resonant  II.  of  less  than  3dB  the  required 
material  parameters  are 

K?q(  8  ,)  ■  •  4 ;  11  •  3dB . 

1  V 

These  material  parameters  imply  rather  modest 
material  requirements  at  high  frequencies  where 
q  can  approach  unity  without  serious  design 
problem  .  At  low  frequencies  the  capacitance  is 
likely  to  be  small,  (AT  quartz,  3 p f  at  3  MHz', 
and  the  reactance  quite  large  (18K  ohms)  so  that 
material  Q  would  have  to  be  much  hiqher  (Q  10^). 

At  VHF  and  UHF  the  material  requirements  are 
considerably  eased  due  to  the  decreas  d  reactance, 
assuming  that  the  resonator  area  need  not  scale 
in  inverse  proportion  to  the  frequency. 

calculations  of  IL  for  some  representative 
cases  have  been  carried  out  using  the  two  port 
ARCQ  matric  technique.  Plots  of  IL  versus  nor¬ 
malized  frequency  are  shown  in  Figs.  8  and  9. 

Ca  1  cula t ions  were  for  a  material  K?  of  10"  ,  Q 
of  1000,  source  and  load  resistances  of  50  ohms, 
and  with  capacitor  reactance  values  labeled 
next  to  the  curves.  Figure  8  shows  the  relative 
narrow  bandwidth  result  when  the  reactance  is 
large.  The  poor  skirt  selectivity  is  due  to  the 
tight  acoustic  coupling  achieved  by  the  SCF  con- 
fiquration.  In  Fig.  9  is  shown  the  affect  of 
.  .-ip.il.  it  iv  reactance,  and  hence  circuit  coupling, 
on  the  filter  bandwidth,  insertion  loss,  and 
-.enter  frequency.  The  frequency  shift  is  due  to 
the  serie.  transformed  equivalent  of  C  that 
depends  upon  q. 

The  composite  stacked  crystal  filter,  CSCF 
response  is  shown  in  Fig.  10.  Here  the  delay  line 
region  was  assumed  t.0  have  the  same  material  para¬ 
meters  as  the  piezoelectric  plates.  The  piezo¬ 
electric  plates  were  of  equal  thickness  and  the 
delay  line  eight  times  thicker.  Thus,  the  funda¬ 
mental  response  occurs  at  near  one  tenth  the  plate 
resonant  frequency,  fo.  In  accordance  with  com¬ 
posite  resonator  theory,  both  even  and  odd  order 
resonances  occur  with  the  effective  couplinq 
coefficient  increasing  with  harmonic  order.  Since 
the  effect  is  increasing,  the  IL  decreases  and 
^he  bandwidth  increases  with  harmonic  order  as 
shown  in  Fig.  10.  For  this  case  the  capacitance 
reactance  was  chosen  to  be  50  ohms  and  the  Q-1000 
at  the  fundamental  (f/fo-0.1).  The  Q  was  chosen 
to  decrease  as  the  square  of  the  frequency. 


S  urnma  ry 

The  results  of  this  study  of  the  equivalent 
circuit  model  of  the  SCF  has  produced  simple 
analytical  results  thit  reflect  the  physical  opera¬ 
tion  of  the  device  and  which  can  be  used  to 
evaluate  candidate  material  configurations  for  ex¬ 
perimental  implementation.  For  the  VHF  and  higher 
frequencies  the  material  Q  requi rement  is  relaxed 
by  the  allowed  and  physically  realizable  lower- 
device  capacitor  reactance  and  K?  obtainable  with 
thin  film  ma ter ia 1 s . 

In  the  upper  frequencies  of  interest  the  com¬ 
posite  stacked  crystal  filter,  CSCF,  was  proposed 
as  a  practical  configuration  for  implementation  in 
vipw  of  the  work  already  done  on  the  composite- 
resonator.  Work  is  continuing  on  the  modeling  and 
physical  implementation  of  the  CSCF  using  thin 
films  and  microelectronic  fabrication  techniques. 
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b) 

Fig.  Z.  Monolithic  crystal  filter.  a)side  view, 
b)  perspective  view.  Filter  transmission 
is  through  the  coupled  trapped  enerqy 
fields. 


Basic  staged  crystal  filter,  SCF, 
configuration,  a)  end  view,  b)  perspec¬ 
tive  view.  The  transducer  radiates 
sound  directly  to  the  right  transducer. 


Fig.  3  Extended  SCF  configurations,  ajbasic  SCF 
with  possible  unequal  thickness  and 
different  material  plates,  b)  short  delay 
line  configuration  with  total  length  of 
the  order  one  half  wavelenqth  at  reson¬ 
ance,  c)  composite  stacked  crystal  filter, 
CSCF,  having  both  piezoelectric  plates  on 
one  side  of  a  crystal  plate  delay  line. 
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Fig.  4.  Schematic  for  equivalent  circuit  modeling,  a)  two  Mason 
models  arbitrarily  coupled  (dashed  lines)  having  opposite  acoustic 
ports  terminated  in  passive  loads  Zl  and  ZR,  b)  all  electrical 
network  formed  by  drifting  the  transformers  to  the  right  hand  side. 


BASIC  SCF  MODEL 


L - - > 

r  r-»  -rr 


Fig.  5.  Schematic  of  basic  ideal  SCF  composed  of 
identical  plates  perfectly  bonded  and 
having  zero  electrode  thickness. 


Fiq.  6.  Equivalent  circuit  resultinq  from  a 

simplification  of  the  circuit  in  Fig.  S 
through  the  use  of  network  transforms; 
a)  the  exact  equivalent  PI  network,  b) 
the  network  near  the  filter  passband 
frequency. 


LUMPED  ELEMEMT  MODEL 


2Lo 


Fig.  7  Constant  lumped  element  equivalent  circuit  resulting  from  the  replacement  of  the  resonator  in  the 
series  arm  of  Fig.  6b.  with  a  Butterworth-VanDyke  model. 


meucNCv  kotio,  *'*<• 


Fiq.  8  Response  of  an  ideal  basic  SCF  configuration  demonstrating  the  apparent  tradeoff  between  material 
0,  k“Land  capacitive  reactance.  Insertion  loss  calculated  by  ABCD  matrix  cascading  and  analysis 
for  r  -  lOt.  Here  f/fo  is  frequency  normalized  by  the  parallel  resonant  frequency.  Source  and 
load  Impedances  were  50  ohms.  The  capactive  reactance  is  labeled  next  to  the  curve. 
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i  Insertion  Ins';  under  same  conditions  as  Fiq.  8  except  for  different  capactive  reactance  values. 


MIQUtHCY  RATIO,  trfo 

0 


1  l  Insertion  loss  nf  composite  stacked  crystal  filter,  CSCF.  The  delay  line  has  the  same  impedance 
and  velocity  of  the  piezoelectric  plates  and  is  eiqht  times  as  thick.  The  equal  thickness  plates 
were  assumed  to  have  K?  of  107.,  0  =  1  OOP  and  capacitive  reactance  of  50  ohms  at  f/fo  =  .1  with  0 
decreasinq  as  frequency  squared. 
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THE  QUARTZ  RESONATOR  AUTOMATIC  AGING  MEASUREMENT  FACILITY 


Dale  E.  Beetley,  Baynard  R.  Blitch,  and  Thomas  M.  Snowden 
General  Electric  Company,  Neutron  Devices  Department* 
St.  Petersburg,  Florida 


Summary 

A  multi-channel,  high  precision  aging** 
measurement  facility  has  been  developed  for  high 
volume  test  capability  with  ovenized 
oscillators.  The  frequency  reference  is 
traceable  to  the  National  Bureau  of  Standards 
(NBS).  Computer-controlled  data  acquisition  is 
used  for  unattended  operation. 

The  following  features  are  considered  unique 
by  the  authors  for  production  aging  systems: 

1.  Loran-C/DTF  Oscillator  Frequency  Standard 

2.  Direct  Current  Power  Bus  Design. 

3.  Measurement  and  Switching  Techniques. 

4.  High  Volume  Automatic  Resonator  Aging. 

Key  words  (for  information  retrieval) 
Production  Oriented,  Loran-C,  Fractional 
Frequency,  Allen  Variance,  Aging. 

Introduction 

This  paper  will  review  the  design 
considerations  applied  to  achieve  a  frequency 
drift  measurement  of  parts  in  10"*1  per  day  in 
a  production  oriented  test  facility.  The  major 
sub-systems  of  the  test  facility  include  the 
frequency  standard,  measurement  scanning 
console,  aging  consoles,  power  system,  computer 
system  and  oscillator  "set-up"  console. 

Discussion 

Loran-C  transmission  is  utilized  to  provide 
NBS  frequency  traceability.)  The  receiver 
produces  a  "raw"  frequency  ref  *  'ence 
phase- locked  to  a  Loran-C  signal.  The  signal  is 
further  conditioned  with  a  Disciplined 
Time-Frequency  standard  oscillator,  or  DTF*. 

The  resulting  phase-locked  output  of  the  DTF  has 
excellent  long-term  and  short-term  frequency 
stabilities  which  are  typically  5  x  10“  l*  per 
day)  and  (l  second;  Allen  Variance  of 
2  x  10'1'J  respectively.^ 


•Operated  for  the  U.  3.  Department  of  Energy  by 
General  Electric  Company  under  Contract  No. 
DE-ACOH-76DPOQ656 

••Aging,  as  referred  to  in  this  report,  is  the 
frequency  drift  per  day  from  an  initial  value. 


The  aging  console  is  comprised  of  thirteen 
test  drawers  (Figure  1),  each  containing 
positions  for  20  ovenized  oscillators  (Figure 
2).  Direct  current  power  is  obtained  from  high 
stability,  high  current  supplies  that  power  a 
maximum  of  80  oscillators  each.  A  special  dc 
bus  was  fabricated  for  each  supply.  The  bus 
consists  of  short,  heavy,  tin-plated  copper  bars 
with  voltage  and  sense  leads  for  the  associated 
power  supply,  connected  at  the  center  (refer  to 
Figure  3).  Since  individual  power  leads  are  run 
for  each  oscillator,  this  minimizes  the  effect 
of  bus  voltage  variation  due  to  bus  loading  with 
oscillators.  The  bus  is  also  shielded  and  radio 
frequency  decoupled  for  each  chassis  grouping  of 
oscillator  power  source  leads.  Power  is 
distributed  from  the  bus  to  individual 
oscillators  through  unbroken,  foil-shielded, 
twisted  pair  cables  (see  Figures  4  and  8).  The 
power  is  also  radio-frequency  decoupled  at  each 
oscillator  socket.  In  addition,  the  signal 
output  for  each  oscillator  is  switched  through 
radio-frequency  matrix  switches  that  provide  a 
constant  50-ohm  load  to  the  oscillators  and 
exhibit  radio-frequency  isolation  of  80  dB 
between  channels.  The  signal  is  then  routed  to 
a  precision  frequency  counter  that  has  a 
resolution  of  0.0001  Hz  (see  Figure  6).  The 
frequency  reference  for  the  counter  is  supplied 
by  the  DTF.  The  oven  in  each  oscillator 
contains  a  thermistor  for  temperature 
monitoring.  This  output  is  measured  at  the  test 
socket  using  a  four-terminal  measurement, 
essentially  eliminating  errors  due  to  lead 
resistance  (refer  to  Figure  6).  Care  must  be 
taken  when  choosing  the  ohmmeter  range  used  for 
reading  the  thermistor.  If  the  range  chosen 
generates  too  high  a  current,  then  self-heating 
in  the  thermistor  can  occur.  This  self-heating 
Ct i  cause  large  temperature  offsets  (several 
tenths  of  a  degree)  wherp  oven  stability  may  be 
♦50  ml  1 1 i -degrees  or  less.  Also,  si  nop  thp  wait 
states  in  the  computpr  are  not  exact,  .a 
variation  in  timing  will  occur  between 
readings.  This  will  cause  a  variation  in  the 
temperature  reading  due  to  the  variable  length 
of  time  current  is  applied  to  the  thermistor.  A 
test  current  of  5  mi cro, amperes  was  found  to  he 
adequate  when  measuring,  the  thermistor  ( 
ohms)  to  overcome  errors  due  to  the  thmmeter 
output  current.  Channel  selection  for  2h0 
channels  is  provided  hy  seven  commercial  scanner 
units  capable  of  the  required  four-t err : na 1 


263 


switching  (refer  to  Figures  i  and  7).  Good 
radio-frequency  grounding  and  shielding 
techniques  are  used  throughout  each  test  chassis 
i see  Figure*  b  and  8). 3  All  non-radio- 
frequency  wiring  is  made  of  foil-shielded, 
twisted-pair  conductors  to  minimize  noisp 
problems.  Extreme  care  in  this  area  is 
essential  since  radio-frequency  coupling  through 
a  poorly  designed  direct  current  bus,  such  as 
one  that  does  not  incorporate  "single  point 
feed,  single  point  ground",  may  cause  fractional 
frequency  pulling**.  This  problem,  manifested 
by  similar  aging  characteristics  for  all  units, 
could  precipitate  complete  dismantling  of  a  test 
station  to  correct.1*  Spectrum  Analyzer 
results  reveal  the  content  of  the  (shielded  vs 
the  non-shielded)  noise  or  electromagnetic 
interference  (EMI)  that  was  observed  on  a  supply 
bus.  For  an  unshielded*  bus  with  22  oscillators 
operating  (see  Figure  9),  noise  and  signals  from 
other  oscillators  is  down  40  dB^  from  the 
reference.  However,  with  the  shielded  bus  (see 
Figure  10),  noise  is  down  50  dBm  giving  an 
additional  10  dBm  noise  margin.  Additionally, 
extremely  good  source  voltage  stability  must  be 
maintained  over  the  test  period  to  prevent  power 
change  influence  on  the  natural  crystal  aging; 
Figure  12  shows  this  effect.  A  dc  bus,  powering 
17  oscillators  which  had  undergone  long  term 
aging  (greater  than  60  days),  was  loaded  with  40 
additional  oscillators.  Following  the  increased 
bus  loading,  a  decrease  was  noted  in  the  aging 
rate  of  the  17  oscillators  (approximately 
1  ppb/day)  which  later  recovered  when  the  bus 
was  unloaded.  The  effect  was  not,  however, 
sensed  by  the  highly  aged  oscillators,  as  200 
additional  oscillators  were  added  onto  other 
power  buses  in  the  system. 

To  ensure  uninterrupted  operation,  even  in 
the  event  of  power  failure,  an  uninterruptible 
power  supply  (UPS)  is  used.  The  UPS  is  a 
charger/battery /inverter  unit  capable  of 
supplying  10  kW  for  15  minutes,  which  is 
sufficient  time  for  emergency  generators  to  come 
on-line  and  take  up  the  load.  The  system  has 
saved  several  critical  tests  from  interruption 
when  thunderstorms  caused  many  power 
interruptions  in  the  local  area  and  in  the  plant 
(which  has  emergency  generators). 

The  computer  system  (Figure  11)  consists  of 
a  desktop  calculator,  two  floppy  discs,  a  real 
time  clock,  and  digital  plotter.  The  system 
interface  is  the  IEEE-488  instrument  control 
bus.  Once  started,  all  measurements  are  made 
daily,  automatically,  for  a  specified  length  of 
time,  typically  30  to  45  days.  Daily 
measurements  of  260  oscillators  usually  can  be 
completed  in  45  minutes;  subsequently  the 
computer  system  may  be  applied  to  other  testing 
tasks  or  graphic  plotting. 


•The  cover  of  the  bus  was  removed;  all  power 
distribution  wiring  being  foil-shielded  twisted 
pair. 


An  oscillator  set-up  station  was  developed 
to  permit  precise  manual  adjustment  of  an 
oscillator/oven  to  the  upper  temperature 
"turning  point”  of  the  resonator,  prior  to 
installation  of  the  oscillator  into  the  aging 
console.  The  station  has  the  capacity  to  set-up 
20  oscillators,  simultaneously.  It  has  the  same 
type  of  power  source  and  bus  as  the  aging 
console.  It  also  has  a  precision  ohmmeter  (for 
temperature  measurement),  a  computing  counter 
and  a  keyboard.  The  computing  counter  has  been 
used  to  verify  (using  "two-sample"  Allen 
Variance)  basic  oscillator  stauility  for  a 
one-second  "gating"  time  (which  is  used  for  the 
aging  measurements). 

The  test  facility  has  been  in  use  for  over 
two  years.  During  this  time,  several  hundred 
20-MHz  test  bed  oscillators  have  been  operated 
successfully  for  30-day  crystal  aging 
determinations.  One  prolonged  test  was 
conducted  with  a  group  of  seventeen  20-MHz 
oscillators  that  were  operated  without 
interruption  for  over  500  days.  Aging  rates  at 
the  end  of  this  period  for  most  of  the  units, 
were  predicted^  and  measured  to  be  a  few  parts 
in  109/day6  (see  Figure  12).  Several  very 
stable  5-MHz  oscillators  have  been  directly 
measured  on  the  system  with  aging  rates  of  parts 
in  10H/day  (a  typical  plot  may  be  seen  in 
Figure  13).  One  data  point  on  the  plot 
represents  an  average  of  ten  (one  second) 
frequency  measurements. 

The  aging  model^  currently  being  utilized 
for  "ceramic  f latpack"?*10  quartz  resonators 
is : 

=  a  ♦  b  InT »  ( 1 ) 

f 

where  T  represents  total  days  of  oscillator 
operation  (when  T  is  greater  than  or  equal  to 
one).  Aging  rate  per  day  is  defined  as  b/T. 

Note  the  aging  plot  in  Figure  13  for  the 
relationship  of  the  best  fit  of  the  "normalized" 
aging  vs  the  actual  data  points.  Also  note  the 
trace  of  the  oven  temperature  regulation  over 
the  test  period.  This  trace  helps  to  resolve 
anomalies  in  frequency  behavior  of  a  resonator 
or  in  the  malfunction  of  the  test  bed 
oven/osc ilia tor . 
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Figure  10.  Power  Bus  Noise  (Shielded) 


Figure  11.  System  Computer 
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Figure  12.  20-MHz  Ceramic  Flatpack  Quartz  Resonator  Aging  Study 
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Summary 

Measurements  on  crystal  resonators  are 
usually  performed  with  the  crystal  unit  connected 
In  series  with  a  specified  load  capacitor  for  two 
reasons:  first,  to  simulate  the  conditions  under 

which  the  crystal  will  be  operating  when  used  in 
an  oscillator;  second,  as  one  method  of  deter¬ 
mining  crystal  motional  parameters.  This  paper 
concerns  itself  primarily  with  the  first  of 
these  . 

Accurate  measurement  of  the  load  resonance 
frequency  and  resistance  Is  considerably  more 
difficult  than  measurement  of  series  resonance 
frequency  and  resistance.  In  load  capacitor 
measurement  systems  errors  due  to  the  effect  of 
known  stray  capacitances  on  frequency  are 
straightforward  to  accommodate.  The  effect  of 
stray  capacitance  on  resistance  measurement  Is 
more  subtle.  In  currently  used  Cl  meters  this 
type  of  resistance  error  can  be  significant. 

In  a  passive  measurement  system  the  tech¬ 
nique  of  phase  or  reactance  offset  can  be  used  to 
overcome  these  difficulties.  However,  this  in¬ 
direct  method  Is  not  applicable  to  Cl  meter 
measurements . 

This  paper  reviews  and  compares  measurement 
problems  and  techniques  associated  with  the 
following  methods: 

1.  Cl  meter. 

2.  Pi-network  transmission  method. 

3.  T-network  &  inverted-L  network 
transmission  methods. 

4.  V  -  I  Method. 

5.  Reflection  coefficient  brige. 

Design  and  construction  of  a  special  load- 
capacitance  fixture  Is  discussed.  Such  a  fixture 
may  be  used  for  both  Cl  meter  and  transmission 
measurements  and  facilitates  correlation  between 
methods.  It  is  especially  valuable  in  obtaining 
correlation  between  manufacturer  and  customer 
when  they  use  different  measurement  systems. 

1 . 0  Introduct ion 

Crystal  units  are  measured  with  a  series 
load  capacitor  for  two  reasons: 

1.1  To  determine  the  crystal  equivalent  circuit 


motional  inductance  and  capacitance  or  related 
properties  such  as  pullablllty. 

1.2  To  determine  effective  frequency  ( )  and 
resistance  (R^  )  under  load  conditions  which  are 
Intended  to  simulate  those  existing  when  the 
crystal  unit  is  incorporated  into  an  oscillator 
circuit.  It  is  this  measurement  which  is  the 
main  concern  of  this  paper. 

It  is  possible  to  calculate  fj^  4  R^ 
using  the  crystal  equivalent  circuit  values 
measured  by  other  means  * .  However  significant 
errors  may  arise  due  to  nonlinearity,  coupled 
modes  or  errors  in  the  crystal  equivalent  circuit 
model.  Hence  It  Is  good  practice  to  determine 
load  frequency  and  resistance  by  direct  measure¬ 
ment  . 

This  paper  reviews  methods  for  the  direct 
measurement  of  and  .  Section  2  reviews  some 
equivalent  circuit  fundamentals.  Sections  3  and 
4  outline  the  advantages  and  limitations  of  the 
load  capacitor  method  and  the  reactance  offset 
method.  Section  5  analyses  the  effect  of  para¬ 
sitic  elements  on  measurements  with  a  load 
capacitor  and  describes  a  load  capacitor  fixture 
having  low  parasitic  capacitance. 

Finally,  Section  6  discusses  types  of 
measurement  systems  in  current  use,  while  Section 
7  gives  a  comparison  of  measurements  of  and  Rl 
by  the  two  methods  using  several  measurement 
systems . 

2.0  Impedance  at  Load  Resonance  Frequency  (ft  ) 

Consider  the  simplified  equivalent  circuit 
of  a  crystal  resonator,  figure  la.  Under  certain 
usually  valid  assumptions,  the  Impedance  of  the 
resonator  can  be  represented  by  a  circle  in  the 
R-X  plane,  figure  lb.  A  definitive  treatment  of 
the  resonator  circle  diagrams  has  been  given  by 
Hafner^.  In  figure  11,  fr  is  the  series 

resonance  frequency,  at  which,  by  definition,  the 
resonator  Impedance  is  resistive,  of  value  Rr . 
If  a  load  capacitor,  ,  Is  now  connected  In 
series  with  the  resonator,  figure  2a,  the 
impedance  of  the  series  combination  Is  represent¬ 
ed  by  a  new  circle  whose  center  is  shifted  by  an 
amount  equal  to  the  reactance  of  C^,  figure  2b. 
The  series  resonance  frequency  of  the  crystal 
unit  -  load  capacitor  combination  becomes  ,  the 
load  resonance  frequency,  the  frequency  at  which 
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the  total  impedance  Is  resistive  of  value  R|  .  It 
Is  important  to  note  that  if  the  same  crystal 
without  a  load  capacitor  was  measured  at  the  same 
frequency  fj  its  impedance  would  be  R^  in  series 
with  -C]  as  Is  shown  In  Fig.  3.  Such  a  measure¬ 
ment  will  he  referred  to  as  a  reactance  offset 
measurement*  The  advantages  and  disadvantages  of 
the  load  capacitor  and  the  reactance  offset 
methods  of  measurement  are  discussed  in  the  next 
two  sections. 

3.0  Load  Capacitor  Measurements: 

Load  -apacitor  measurements  are  performed 
with  a  physical  load  capacitor  connected  in 
series  with  the  crystal  unit.  This  technique  has 
the  following  features: 

3.1  It  Is  only  feasible  for  negative  reactance 
loads  because  of  the  unavoidable  and  excessive 
loss  effects  associated  wich  an  inductor  used  as 
a  positive  reactance  load. 

1.2  Fixtures  most  conveniently  have  only  one 
value  of  load  capacitance. 

3.3  Careful  design  is  needed  to  obtain  a 
fixture  that  is  free  of  stray  impedances. 

3.4  When  load  capacitor  measurements  are  used 
to  determine  motional  parameters  the  crystal  C0 
must  be  measured,  or  else  measurements  must  be 
made  with  more  than  one  load  capacitor  value  so 
that  the  effect  of  CQ  may  be  cancelled.  The 
normal  procedure  is  to  measure  tr,  CQ ,  fj  (for 
known  C|  )  and  calculate 

M-  i  _ _ 

8  ^fr(f  -  fr)(C0  +  CL) 

3.5  The  measurement  can  be  made  in  an  oscil¬ 
lator,  as  fj  is  a  frequency  where  there  Is  both 
zero  phase  shift  across  the  crystal  -  load 
capacitor  comDinatlon  and  a  high  phase  slope 
exists. 

3.6  Because  of  the  high  phase  slope  only  small 

errors  in  resistance  and  frequency  result  from 
quite  large  phase  changes.  Hence,  passive 

measurement  systems  do  not  require  high  resolu¬ 
tion  of  phase. 

3.7  High  drive  levels  can  be  obtained  easily 
because  the  impedance  at  fj  is  R^  •  In  the 
reactance  offset  method  the  impedance  at  fj  is  Rj 
In  series  with  -  Xj  .  Usually,  Xj  is  much  larger 
than  R|  and  limits  the  maximum  drive  level  that 
i  an  be  obtained  in  the  latter  method. 

4 . 0  Reactance  Offset  Measurements 

Reactance  offset  measurements'1  are  made 
possible  by  the  availability  of  Instrumentation 
which  can  determine  the  real  and  Imaginary  com¬ 
ponents  of  Impedance.  The  method  has  the  follow¬ 
ing  features: 

4.1  It  can  be  used  for  positive  or  negative 
rear,  t  a  nee  loads. 


4.2  Any  number  of  arbitrary  values  of  load 
reactance  can  be  used. 

4.3  Fixture  design  is  relatively  simple  as 
only  the  basic  measurement  network  Is  used; 
consequently,  there  are  no  strays  which  cannot 
easily  be  measured  and  cancelled. 

4.4  In  motional  measurements  crystal  Co  does 
not  have  to  be  determined  with  great  accuracy  as 
errors  in  Its  measurement  tend  to  be  self¬ 
cancelling.  Normally  Co  is  determined  by  measur¬ 
ing  the  impedance  at  frequencies  above  and  below 
fr.  In  subsequent  measurements,  the  susceptance 
of  Co  Is  subtracted  from  the  total  resonator 
admittance,  giving  the  motional  arm  admittance. 
An  iterative  frequency  search  is  performed  until 
the  motional  arm  is  purely  resistive,  giving  f8 
and  Rj  .  Then  motional  reactance  values  Xy  and  X, 
are  measured  at  frequencies  fu  *  fs  +  A  f  and  f 
-  f«  -  A  f  • 

The  motional  inductance  is  determined  as: 

L  -  1  Xu  -  X 

4"  Fu  -  F 

Note  that  for  resonators  having  adequate 
figures  of  merit  it  is  possible  to  measure 
motional  parameters  without  measuring  Co,  but  the 
above  procedure  is  preferred,  and  the  value  of  Co 
is  generally  required  for  other  purposes. 

4.5  The  technique  cannot  readily  be  adapted 
for  use  with  oscillators  because  measurements 
must  be  made  with  non-zero  phase  shift  across  the 
crystal. 

4.6  The  measurement  technique  requires  high 
resolution  and  accuracy  of  phase,  and  to  a  lesser 
extent,  amplitude.  Consequently  the  measurement 
system  is  expensive. 

4.7  High  signal  source  amplitudes  are  required 
to  obtain  typically  specified  drive  levels 
because  of  the  high  equivalent  reactance  in 
series  with  ■ 

5.0  Load  Capacitor  Fixture  Design 

5 . 1  Stray  Analysis 

Numerical  analysis  of  the  generalized  load 
capacitor  network  (fig*  4)  was  performed  to 
determine  the  effects  of  stray  capacitance,  and 
certain  non-ideal,  components.  A  source  and  load 
resistance  of  20  ohms  was  assumed,  but  the 
measurement  errors  depend  only  weakly  on  this 
value.  In  figure  4, 

Cj,3  represents  the  load  capacitor.- 
Cj ,4  and  C2»4  represent  input  and  output 
strays  to  ground. 

Cj,2  is  a  bridging  capacitor 
C},^  is  stray  C  from  the  load-crystal 
junction  to  ground. 

C2 » 3  represents  stray  capacitance  In 
parallel  with  the  crystal  Co. 

Rj,3  Is  the  loss  of  a  switch  typically 
Included  to  short-circuit  the  load 
capac i tor . 
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unity  loop  gain 


The  results,  tables  I  and  2,  show  that  the 
only  strays  which  cause  significant  errors  are  as 
f  ol lows : 

*>.1.1  C34  (Resistance  error).  It  is  assumed 
that  the  load  capacitor  C[,3  was  adjusted  so 
that  the  capacitive  load  is  correct,  and  hence  no 
^  error  is  introduced. 


6.1.2  Accurate  measurement  of  frequency  and 
resistance  requires  the  use  of  calibrated  substi¬ 
tution  resistors.  Since  the  phase  shift  of  the 
active  circuitry  may  be  level-dependent,  thi6 
substitution  must  be  performed  at  the  desired 
drive  level. 


5.1.2  R  j  3  (Resistance  error).  Note  that  the 
error  in  ohms  Is  Independent  of  the  crystal 
resistance. 

5.1.3  C23  (Frequency  and  resistance 
errors).  The  more  significant  frequency  error 
may  be  corrected  but  a  small  resistance  error 
will  remain. 

5.2  Physical  Arrangement 

The  fixture  shown  in  Fig.  5  was  designed 
taking  into  account  the  above  analysis. 

Important  features  of  the  fixture  are: 

5.2.1  It  can  be  used  in  both  oscillator  and 
PI-  network  type  measurement  systems. 

5.2.2  Calibration  can  be  performed  using  a 
1-terminal  capacitance  bridge. 

5.2.3  The  capacitance  to  ground  at  the  load 
apacitor  -  crystal  junction  Is  very  small. 

5.2.4  The  load  capacitor  shorting  switch  has 
low  loss. 

5.2.5  There  Is  a  defined  reference  plane 
connected  to  terminal  2. 

5.2.6  Crystal  units  with  wire  or  pin  leads 
can  be  accommodated. 

5.2.7  Its  reproducibility  makes  it  useful 
for  measurement  correlation  between  different  • 
organ! zat  Ions  . 


6.1.3  For  and  measurements  a  load 

capacitor  is  used;  hence  there  will  be  errors  due 
to  Cg  and  other  stray  capacitances  as  discussed 
previously. 

6.1.4  At  the  Impedance  between  nodes  1 

and  2  Is  R l  (neglecting  Cg),  which  facilitates 
the  use  of  higher  drive  levels  then  are  available 
in  the  reactance  offset  method  (see  3.7.). 


Passive  Systems 


The  essential  features  of  passive  systems 
for  resonator  measurement  are  described  by  the 
block  diagram  of  Fig.  7.  A  tunable  source  pro¬ 
duces  two  phase  and  amplitude  related  signals, one 
of  which  Is  applied  to  the  crystal  through  a 
fixture  or  test  network.  This  network  may  be  as 
simple  as  a  pi-network,  or  as  complex  as  an 
impedance  or  admittance  bridge.  The  signal  out¬ 
put  from  the  fixture  Is  compared  with  the  other, 
reference,  signal  In  a  vector  ratio  detector. 
The  impedance  can  be  determined  from  the  reading 
of  the  ratio  detector.  A  wide  variety  of  test 
networks  can  be  used,  each  having  its  own  advan¬ 
tages  and  disadvantages.  With  this  type  of 
system  it  is  possible  either  to  insert  a  load 
capacitor  and  search  for  points  of  pure  resist¬ 
ance  or  to  search  for  reactance  of  a  specific 
value.  As  the  measurement  frequency  is  not 
determined  by  the  device  being  tested  it  is 
possible  to  measure  the  parameters  of  unwanted 
modes . 

Commonly  used  networks  are: 


6.2.1  Pi  Network  (Fig 


5.2.8  The  maximum  useable  frequency  is 
limited,  depending  on  dimensions.  (Table  3). 

5.2.9  Sockets  are  susceptible  to  wear  so  the 
fixture  may  not  be  suitable  for  high-volume  pro¬ 
duction  use. 

6.0  Meas u rement  Systems 

Systems  for  resonator  measurement  may  be 
classified  into  two  categories  —  oscillators  or 
Cl  meters,  and  passive  or  transmission  systems. 

6.1  C . I .  Meter 


The  most  common  form  of  the  pi -network 
conforms  to  I. EC  Standard  444,^  with  Rj  ■  15.9  ohm 
R2  ■  14.2  ohm  R3  -  66.2  ohm.  When  used  in  a  50 
ohm  system  Rv  is  12.5  ohm.  Some  properties  of 
the  Pi  are: 

Its  maximum  useful  frequency  is 
limited.  I  EC  Standard  444  covers  only  the  fre¬ 
quency  range  from  1  MHz  to  125  MHz,  although  a 
method  for  extending  this  to  250  MHz  has  been 
proposed 

The  detected  signal  amplitude  Is 

nearly  maximum  at  zero  phase. 


Oscillators  suitable  for  crystal  measure¬ 
ment  are  commonly  referred  to  as  crystal 
Impedance  meters  (C.I.  Meters)^.  A  greatly 
simplified  C.I.  meter  is  shown  in  figure  6. 
Important  characteristics  are: 

6.1.1  The  maximum  value  of  R^  which  can  be 
measured  is  determined  by  the  requirement  of 


The  measurement  relies  on  the  accuracy  of 
the  Pi -network  impedance,  although  by  measuring 
standards  impedances  corrections  can  be  made. 
Suitable  standards  are  not  easily  obtainable  how¬ 
ever,  especially  for  high-frequency  use. 

The  crystal  unit  has  neither  pin 

grounded . 
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Tht'  IPX?  pi -network  requires  50  ohm 
source  a nd  load  impedances. 

6.2.2  Inverted  L  -  Network  (Fig.  9) 

Properties  of  the  l.-network  are: 

Its  maximum  useful  frequency  is  some¬ 
what  greater  than  for  the  pi-network.  By  adding 
an  adjustable  tank  circuit  or  stub  line  across 
the  measurement  port,  the  frequency  range  may  he 
extended  still  further. 

Tlie  detected  signal  amplitude  is 

nearly  minimum  at  zero  phase. 

The  measurement  relies  on  the  accuracy 
of  Kf ,  although  by  measuring  standards 
corrections  can  he  made. 

The  crystal  unit  has  one  pin  grounded. 

The  network  requires  a  low  impedance 
(  *>11  ohm)  source  and  a  high  impedance  detector  to 
measure  V>. 

h.2.1  T  -  Net  work  ( Fig.  10) 

The  properties  of  the  T-network  are 
similar  to  those  of  the  h-network,  except  that 
the  T  permits  the  use  of  a  low  impedance  detec¬ 
tor. 

6 .  2 . 4  V - 1  Met  hod  (Fig.  1_U  ._ 

In  this  technique  a  current  Is  passed 
through  both  the  device  to  be  measured  and  a 
reference  resistor  and  from  vector  voltage 
measurements  of  Vj  and  V2  the  impedance  of  the 
device  is  calculated. 

The  technique  relies  on  the  accuracy 

of  Rrpf. 

The  device  being  measured  is  floating, 
although  by  suitable  arrangement  one  terminal  may 
be  grounded  . 

It  is  not  a  50  ohm  system. 

The  Hewlett  Packard  4192A  Impedance 
analyzer  implements  this  approach  and  includes 
Kelvin  connections  to  the  unknown  impedance.  The 
block  diagram  of  this  instrument  is  shown  in 
Fig.  12.  By  means  of  internal  processing  the 
instrument  can  display  the  impedance  in  series  or 
parallel  form.  The  upper  frequency  limit  of  the 
Instrument  is  13  MHz. 

6 . 2 . 5  Ref lec t ion  Coefficient  Bridge 

A  system  incorporating  a  reflection 
coefficient  bridge  is  available  as  the  Hewlett 
Packard  4 1 9 1 A  Impedance  Analyzer.  Its  overall 
block  diagram  is  also  represented  by  Fig.  12. 

The  use  of  this  instrument  for  resonator  measure¬ 
ment  Is  treated  In  a  companion  paper.2 

A  simplified  schematic  of  the  bridge 
and  associated  circuitry  is  given  in  Fig.  13, 


which  also  shows  the  external  frequency  synthe¬ 
sizer  required  to  obtain  frequency  resolution 
adequate  for  resonator  measurements. 

Some  p  ro  pe  r  1 1  es  of  the  4  I  9 1 A  a  re  : 

Tt  is  useful  to  1000  MHz. 

Ih«*  detected  signal  is  proportional  to 
the  reflection  coefficient  of  the  impedance  under 
test  and  is  therefore  a  minimum  at  50  ohms 
res  i  st  i  ve  . 

It  is  a  coaxial  instrument.  Hence, 
the  device  has  one  pin  grounded. 

It  relies  on  the  accuracy  of  coaxial 
impedance  standards,  short  circuit,  open  circuit 
and  50  ohms . 

6.2.6  Impo  d  ance  and  Admittance  E  *• '  Jges 

R.F.  impedance  and  admittance  bridges 
have  been  used  for  many  years  for  the  determina¬ 
tion  of  crystal  resonator  equivalent  circuit 
parameters.  Because  of  their  limited  availabil¬ 
ity,  the  use  of  these  bridges  will  not  be  consid¬ 
ered  here.  Moreover,  those  commercially  avail¬ 
able  bridges  of  which  the  authors  are  a  ware, 
besides  being  tedious  to  use,  possess  range 
limitations  which  limit  their  use  for  reactance 
offset  measurements.  Also  beyond  the  limited 
scope  of  this  paper  is  the  automated  microcircuit 
bridge  system  being  developed  for  precision 
resonator  measurements^.  This  system  uses  a 
Scherlng  bridge,  and  incorporates  standard  load 
capacitors  for  the  measurement  of  fj  and  Rj  . 

6 . 2.7  Resol u  t ion 

To  determine  the  resolution  obtainable 
in  measurements  of  f(  &  for  the  different  net¬ 
works  by  the  reactance  offset  method  a  simulation 
was  carried  out  for  a  typical  4  MHz  crystal  for  a 
unit  error  in  the  least  significant  digit  of 
display  resolution  of  suitable  instruments.  No 
allowances  were  made  for  fixture  errors,  accuracy 
errors ,  or  noi se . 

The  results  (Table  IV)  show  that  all 
Instruments  have  sufficient  display  resolution  to 
obtain  the  load  frequency  for  this  unit  to  better 
than  1  Hz.  The  measurement  of  Rj  is  more  sensi¬ 
tive.  For  the  example  given,  the*  best  resolution 
is  obtained  on  the  HP  4192  A  system. 

6.2.8  Instrument  Accuracy 

Reliable  information  on  the  accuracy 
of  measured  parameters  is  difficult  to  estimate 
from  manufacturers’  data.  In  all  instruments 
usable  accuracy  tends  to  be  better  than  specified 
accuracy,  partly  because  worst  case  is  used  for 
obtaining  specifications  and  also  because  in  the 
measurement  offsets  are  made  so  that  relative 
accuracy  is  more  important  than  absolute  accu¬ 
racy. 

For  this  measurement  the  HP  304  2 
system  has  an  amplitude  accuracy  of  about  0.02 


a B / 1 1 '  dB  if  calibrated  bv  the  synthesizer*  and  a 
phase  accuracy  of  about  0.10”.  This  gives,  fair 
the  pi -network,  load  frequency  to  within  0,4  Hz 
and  load  resistance  to  within  7  ohms,  (All 
figures  in  this  section  refer  to  reactance  offset 
measurements  of  the  4  MHz  crystal  described  in 
Table  IV). 


The  HP  4192A  has  a  C  accuracy  of  about 
<‘.22  pf  and  a  G  accuracy  of  about  0.4  mS  giving 
load  frequency  to  within  0.4  Hz  and  resistance  to 
within  0.9  ohms  for  this  measurement  according  to 
i t  s  spec  it i ea  t  ton . 

At  low  frequencies  the  HP  4 191 A  has  a 
guaranteed  accuracy  of  Fx  &  Fv  of  about  0.0'>7  and 
tvplcallv  0.0018.  This  gives  load  frequent  y  to 
within  56  Hz  and  resistance  :o  within  119.7  ohms 
for  guaranteed  values  or  frequent y  within  9.6  Hz 
and  resistance  within  20  ohms  for  typical 
values.  Our  results*-  suggest  that  the  f,  and  Rj 
errors  are  no  more  than  one-tenth  of  the  latter 
f i gures  . 


It  should  again  be  emphasized  that  the 
errors  in  measuring  fj  and  Rj  are  in  general  much 
greater  than  in  measuring  fr 'and  Rr  or  the  equiv¬ 
alent  circuit  parameters. 

7.0  Measurement  Resul ts__( Table  V) 

A  crystal  unit  was  measured  in  several 
different  measuring  systems.  All  measurement  • 
with  a  physical  load  capacitor  were  marie  using 

the  load  capacitance  fixture  described  earlier  in 
this  paper.  Since  the  measurement  temp.’  ra  t  u  r«- 
was  not  held  constant  from  system  tc.  system,  !  *«•• 
frequency  difference  i  f  »  (fj  -  fr)  rather  than 
fj  ,  must  be  examined.  The  first  reading  of  Table 
V  was  arbitrarily  chosen  as  the  reference  to 
obtain  the  variation  in  Af  in  ppm.  Ext  lading 

the  reactance  offset  measurement  In  the  HP  dt'42 
system,  the  A  f  variation  was  less  than  one  ppm. 

The  value  of  Rj  using  the  PTI  load 

capacitance  fixture  In  the*  Saunders  1 1 0HF  and  the 
KF1.  459A  Cl  meter  could  he  determined  only  to  the 
nearest  5  ohms.  The  reading  for  HP  3042 

reactance  offset  measurement  varied  between  !9 

and  24  ohms.  The  readings  obtained  in  the 
HP419JA,  and  HP4192A  by  reactance  offset  and  in 
the  pi -network  with  PTI  load  capacitor  fixture 
were  within  one  ohm  of  each  other  rind  repeatable. 

R  n  Errors  due _ to  the  3  terminal  nature  of  the 

c  r  v  st  a  1  .  ( F  i^ .  1 4 )_. 

The  value  of  fj  and  Rj  are  affected  by  the 

effective  value  of  Co  of  the  crystal.  The  value 

of  Co  in  the  circuit  is  dependent  on  the  type  of 
tonne,  t ion  to  the  can  (Fig.  15).  This  connection 
must  he  specified  before  the  load  values  can  be 
correctly  measured.  If  the  .onnei  t ion  is  not 

specified,  lorrelatlon  problems  can  exist  between 
measurement  pro* edures  which  are  otherwise  Iden¬ 
tical. 

To  solve  this  problem  a  standard  measure¬ 
ment  procedure  is  required  with  allowances  for 


offsets.  Connection  to  the  can  should  be  made  in 
a  specified  manner.  To  facilitate  tills  a  third 
pin  connected  to  the  can  may  he  added  to  tlie 
crystal  unit.  Alternatively,  one  pin  may  he 
connected  to  the  can. 

9.0  Conclusion 

Wt*  have  described  various  methods  of 
obtaining  load  resonance  frequency  &  resistance 
measurements  of  crystal  resonators  and  Introduced 
a  fixture  design  to  make  possible  correlation 
measurements  he  tween  oscillator  and  transmission 
measurements.  Wt*  have  shown  that  the  intro¬ 
duction  of  two  new  R.F.  Impedance  Analyzers  makes 
the  measurement  by  the  reactance  offset  method  a 
viable  alternative  to  the  load  capacitor  method. 
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SUMMARY 

An  automated  measurement  system  has  been 
developed  for  the  precise  determination  of  the 
equivalent  circuit  parameters  of  quartz  resona¬ 
tors.  The  system  is  based  on  the  H-P  419 1A  RF 
Impedance  Analyzer^,  a  programmable  instrument 
using  a  reflection  coefficient  bridge  and  having 
a  frequency  range  of  1  to  1000  MHz.  Using  certi¬ 
fied  impedance  standards  the  measurements  can  be 
made  traceable  to  national  standards. 

The  complete  measurement  system  consists  of 
the  impedance  analyzer,  a  programmable  frequency 
synthesizer,  and  a  suitable  controller.  Special 
fixtures  have  been  made  to  accommodate  standard 
crystal  packages.  The  system  hardware  and  prin¬ 
cipal  software  features  are  described,  and  mea¬ 
surement  examples  are  given. 

Besides  obtaining  the  equivalent  circuit 
parameters,  the  system  permits  measurement  of 
resonance  frequency  and  resistance  with  a  simu¬ 
lated  load  capacitance.  Parameters  of  unwanted 
modes  may  also  be  measured.  The  system  is  suit¬ 
able  for  measurement  of  SAW  resonators  as  well  as 
bulk-wave  resonators. 

Hardware  Description 

The  system  block  diagram  of  Figure  1  shows 
that  the  system  consists  of  the  H-P  4191A  RF 
Impedance  Analyzer  together  with  a  suitably 
chosen  programmable  frequency  synthesizer  (we  use 
a  PTS-200  synthesizer^  for  most  measurements  be¬ 
low  200  MHz)  and  an  appropriate  controller  (we 
use  a  H-P  9825  desktop  computer).  In  addition  a 
suitable  test  fixture  and  a  set  of  reference  im¬ 
pedances  (a  set  is  supplied  with  the  4191A)  are 
required. 

The  instruments  are  interfaced  via  the  IEEE 
-488  bus.  Using  the  bus,  or  other  interfaces, 
any  desired  peripheral  devices,  such  as  printers, 
plotters,  or  mass  memory  devices,  may  readily  be 
added  to  the  system. 

The  H-P  4 1 9 1 A  measures  the  reflection  coef¬ 
ficient,  with  respect  to  50  ohms,  of  an  unknown 
impedance.  An  internal  microprocessor  converts 
the  measured  value  into  any  of  several  forms  — 
for  example,  into  R  +  jX  or  into  G  in  parallel 
with  C.  The  frequency  range  of  the  instrument  is 
1  MHz  to  1000  MHz.  The  microprocessor  allows  the 
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Instrument  to  be  calibrated  against  reference 
impedances  —  an  open  circuit,  a  short  circuit 
and  a  50  ohm  termination.  The  microprocessor 
stores  the  calibration  information  and  uses  it  to 
correct  future  measurements 

The  measurement  port  of  the  4 191 A  '  an 
APC-7  precision  coaxial  connector;  it  is  tnere- 
fore  necessary  to  provide  an  appropriate  test 
fixture  for  resonator  measurement.  Moreover,  the 
contribution  of  the  fixture  to  the  measured  re¬ 
flection  coefficient  must  be  taken  into  account. 
This  may  be  done  in  either  of  two  ways. 

First,  ,'f  the  reference  Impedances  can  be 
applied  at  the  resonator  measurement  port  Instead 
of  at  the  instrument  port ,  then  a  calibration  may 
be  performed  which  includes  the  fixture.  Figure 
2  shows  a  fixture  %*iich  allow  this  to  be  done, 
and  which  accepts  HC-18  style  resonator  packages. 

If  this  approach  cannot  be  followed,  then  it 
is  necessary  to  determine  the  equivalent  circuit 
of  the  fixture  and  correct  the  measurements 
appropriately.  Figure  3  shows  a  typical  equiva¬ 
lent  circuit.  As  an  example,  for  the  H-P  16092A 
spring  clip  fixture,  the  equivalent  transmission 
line  length  is  .34  cm.  Zj  represents  a  1.3  nH. 
inductor  and  a  small  series  resistance,  while  Y2 
represents  a  capacitance,  typically  1.3  pF. ,  in 
parallel  with  a  small  conductance. 

Using  this  system,  all  the  usual  resonator 
measurements  can  be  performed  at  frequencies  from 
1  to  1000  MHz.  Of  particular  Interest  are  the 
measurements  of  the  equivalent  circuit  parameters 
and  the  measurements  of  the  load  frequency  and 
resistance,  f^  and  RL  •  These  measurements  are 
described  In  the  next  two  sections. 

Measurement  of  Equivalent  Circuit  Parameters 

Vtie  equivalent  circuit  of  Figure  4  is  as¬ 
sumed3.  CQ  is  determined  as  the  average  of  shunt 
capacitance  measurements  at  1. 1  fnoo  and 
.8888  fnon  (Appendix  A)  where  fnom  is  the  nominal 
value  of  fg. 

At  any  frequency,  f,  the  admittance  of  the 
motional  branch  is  Just  the  total  resonator  ad¬ 
mittance  less  the  admittance  of  the  shunt  capaci¬ 
tance,  2*  f  C0.  The  series  resonance  frequency, 
f8,  is  found  by  changing  the  measurement  fre¬ 
quency  until  the  Impedance  of  the  motional  branch 
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is  a  pure  resistance,  Rj.  The  search  for  f8  pro¬ 
ceeds  in  two  stages.  In  the  first  stage,  start¬ 
ing  at  fnom,  the  frequency  is  increased  or  de¬ 
creased  in  constant  increments,  R,  until  the  sign 
of  the  motional  reactance  changes,  thus  bracket¬ 
ing  fs  within  an  interval  R.  In  the  second 
stage,  an  interpolation  routine  takes  over, 
causing  rapid  convergence  to  fs. 

Next,  the  motional  inductance  is  found  from 
motional  reactance  measurements  at  f8  +  Af,  using 
the  relation  (Appendix  A). 

Xi(f8+  «f)-X[(fs-  if) 

M  *  -  O) 

&  Af 

For  the  equivalent  circuit  assumed,  the 
value  of  L[  from  (1)  Is  Independent  of  Af  within 
the  accuracy  of  the  narrow-band  approximation. 
In  practice,  limitations  exist  due  to  measurement 
noise*.  Table  1  shows  the  mean  and  standard 
deviation  for  measured  values  of  Lj  for  a  4.192 
MHz  fundamental  mode  resonator,  using  Af's  from  2 
Hz  to  2  kHz.  The  table  shows  that  over  this 
range  the  measured  value  of  Lj  changes  by  less 
than  . IX. 

Load  Measurements 


The  problems  associated  with  measuring  f^ 
and  1^  ,  the  resonance  frequency  and  equivalent 
resistance  of  a  piezoelectric  resonator  In  series 
with  a  load  capacitor,  CL  ,  by  various  methods 
have  been  discussed  elsewhere*.  For  the  reflect¬ 
ion  bridge  system,  we  have  Implemented  the  offset 
method4,  In  which  no  physical  load  capacitor  Is 
used.  Instead,  the  test  frequency  Is  adjusted 
until  the  equivalent  series  capacitance  of  the 
crystal  unit  Is  -  Cj,  the  negative  of  the  desired 
load  capacitance.  The  equivalent  series  resist¬ 
ance  Is  then  R^  and  the  frequency,  f^. 

Using  this  method,  the  problems  of  realizing 
a  known  load  capacitance  and  minimizing  or 
accounting  for  stray  capacitances4  are  avoided. 
The  disadvantages  arise  from  the  fact  that,  typi¬ 
cally,  the  reactance  of  the  load  capacitance  Is 
large  with  respect  to  both  R^  and  the  50  ohm 
bridge  Impedance.  Consequently,  the  measurement 
resolution  of  the  equivalent  resistance  Is  de¬ 
graded.  In  addition,  the  crystal  current  at  fL 
Is  much  lower  than  at  fg  or  fR. 

For  example,  consider  a  10  MHz  crystal  and  a 
32  pF  load  capacitance,  test  data  for  which 
appear  at  Table  II.  At  fa,  the  crystal  current 
Is  approximately**. 

I  -  45/(50  +  18)  -  .66  mA 

while  at  f,  the  dominant  Impedance  is  -  X^L  ■  497 
ohms,  so  that 


I  »  45/497  -  .08  mA 

The  load  frequency  and  resistance  can  also 
be  calculated  from  the  measured  equivalent  cir¬ 
cuit  parameters,  using  relations  given  by 


Hafner^.  While  Table  II  shows  good  agreement 
between  the  two  methods,  direct  measurement  at 
the  load  frequency  Is  the  preferable  one. 

VHF/UHF  Measurements 


An  Important  feature  of  the  4191A  Is  Its 
ability  to  make  high  resolution  reflection  coef¬ 
ficient  measurements  at  frequencies  up  to  1000 
MHz.  Table  III  shows  a  series  of  measurements 
made  on  a  145.6  MHz  fifth  overtone  filter  crys¬ 
tal.  Table  IV  shows  a  similar  series  performed 
on  a  37  5  MHz  SAW  resonator.  These  examples 
Illustrate  the  measurement  resolution  obtainable. 


Table  V  shows  measurements  of  successive 
harmonic  overtones  of  a  121.5  MHz  fifth  overtone 
oscillator  crystal,  demonstrating  the  ability  of 
the  system  to  measure  modes  with  very  low  figures 
of  merit,  Q/r.  Similarly,  Figure  5  and  Table  VI 
Illustrate  the  measurement  of  unwanted  modes. 


Resolution  and  Accuracy 

The  4191A  measures  rx  and  Ty,  the  real  and 
Imaginary  components  of  the  reflection  coeffi¬ 
cient,  F,  with  a  resolution  of  +  0.0001.  Tables 
VII  &  VIII  show  the  calculated  effect  of  T  x  and 
Ty  errors  of  -0.0001  on  measurements  of  fg,  Rj , 
L[,  C0,  and  (Table  VII)  f^  and  1^  .  In  these 
tables  the  errors  are  In  the  same  units  as  the 
measured  quantities;  e.g. ,  Hz,  Ohms.  In  Table 
VII,  Meas.  fL  and  R^  refer  to  the  values  obtained 
by  offset  measurements,  while  Calc.  fL  and  R[_ 
refer  to  the  values  calculated  from  the  (mea¬ 
sured)  equivalent  circuit  parameters. 


The  estimation  of  accuracy  Is  more  diffi¬ 
cult.  If  error  calculations  are  performed  using 
the  manufactures 's  values  of  typical  Tx  and  ry 
errorB^,  one  obtains  R^  errors  idilch  are  Incon¬ 
sistent  with  experimental  results.  An  example  Is 
given  In  Table  VII,  where  the  calculated  R^  error 
for  "typical"  rx  error  Is  23  ohms.  Based  on 
actual  measurements,  a  more  realistic  value  Is 
less  than  2  ohms.  Clearly,  the  manufacturer's 
"typical"  error  values  do  not  apply  in  all 
regions  of  the  reflection  coefficient  plane.  The 
"typical"  accuracy  of  series  resonance  frequency 
and  equivalent  circuit  parameter  measurements  Is, 
however,  excellent,  as  these  and  other  calcula¬ 
tions  Illustrate. 


♦Moreover,  the  range  of  validity  of  the 
equivalent  circuit  Is  limited  by  the  presence  of 
other  qpdes  as  well  as  by  possible  non-linear 
effects  .  Also,  for  SAW  resonators  an  audltlonal 
shunt  loss  element  must  be  Included. 

**The  H-P  4191A  measurement  port  has  an 
open-circuit  voltage  of  45  mV  and  an  impedance  of 
50  ohms. 
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Conclusions 

The  system  described  permits  precise  mea¬ 
surements  of  bulk-wave  and  surface  acoustic  wave 
resonators  over  the  frequency  range  from  1  to 
! 000  MHz.  The  measurements  can  be  made  traceable 
to  national  standards.  Hence,  the  system  should 
be  given  consideration  as  a  standard  for  piezo¬ 
electric  resonator  measurement. 
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APPENDIX  A 

Motional  Inductance  Measurement 

For  the  resonator  equivalent  circuit  of 
figure  4,  the  reactance  of  the  motional  branch  la 
given  by 

X;(w)  *  Lj(w  2-  (A-l) 

Making  the  usual  narrowband  approximation 

X;(w)  =  2Ui«a-(%)  ( A— 2  ) 

At  w  s  +  Aw 

X;(ws  +  Aw  )  -  2L|  Aw 

from  which 

X[(uis  +  Aw  )-Xj  (w8-  Aw) 

L| - 

4 Aw 

X^fg+AO-X^fg-Af) 

or  Lj  ■  - - (A-3) 

8*Af 

Shunt  Capacitance  Measurement 

The  (frequency-dependent)  equivalent  series 
capacitance  of  the  motional  branch  is 

-1 

C(w )  -  - 

wX[(w  ) 


Ignoring  R[,  at  w  the  total  equivalent  shunt 
capacitance  of  the  resonator  Is 

C’(w)  -  C0  +  C(w)  (A-5) 

To  measure  CQ,  choose  two  frequencies,  wg 
and  wb,  such  that 

C'(wa)  +  C’(wb)  -  2  C0 


Substituting  (A-4 )  and  (A-5)  and  solving, 

wb2  „  w82  _  u>a2  (A-6) 


If  we  select 

wa  -  1.  1  wg 


Then 

wb2  -  .79  w82 
b  -  .8888  ws 
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TABLE  I 


TABLE  H 


EFFECT  OF  aF  ON 

MOTIONAL  INDUCTANCE  MEASUREMENT 

(NO  MEASURE  =  5  F= 4  192  MHZ) 
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11707 

02 

2000 

117.11 

09 

Measured  Motional  Inductance  vs.  Frequency  Increment. 

TABLE  nr 

FILTER  CRYSTAL  MEASUREMENT 


MEAS 

NO 

FREQ 

(KHZ) 

Rl 

(OHMS) 

L| 

(MH) 

c0 

(PF) 

1 

145640  107 

251  74 

1791 

Ii9 

2 

145640  106 

251  67 

1791 

1  19 

3 

145640  109 

251  67 

1791 

1.19 

N  =  5 

M  =  36 

Equivalent  Circuit  Parameter  Measurements,  U5.6  MHz 
5th  OT  Filter  Crystal. 


TABLE  3Z 

MEASUREMENT  OF  NT"  OT  USING  HP-4I9IA 
121  5  MHz  ,  N*5  CRYSTAL 


N 

FS 

(KHz) 

Rl 

(OHMS) 

L| 

(MH) 

Q 

Q/r 

5 

121499  01 

30  5 

2  75 

68  8«I03 

69 

7 

170100  64 

57  3 

305 

569 

2  6 

9 

21870105 

96  1 

2  92 

41  7 

II 

II 

267299  05 

1378 

2  33 

28  4 

06 

13 

31589675 

1436 

1  51 

20.8 

0.5 

15 

36449146 

130.7 

0  75 

13  2 

04 

17 

413083  66 

909 

0  24 

68 

04 

Overtone  Mea  urements 
OT  Osci 1 lator  Crystal 

(N  - 

5  to  17), 

121.5  MHz 

LOAD  CAPACITOR  MEASUREMENT 


fL 

rl 

(KHz) 

(OHMS) 

MEASURED 

10000  988 

18  03 

CALCULATED 

10000  997 

17  61 

CL 

=  32  PF 

FS 

=  9999.038 

KHZ  C0  * 

Rl 

--  14.14  OHMS 

Ll  * 

Q 

=  80  1  K 

Calculated  and  Measured  toad  Frequency  and  Resistance. 


TABLE  EZ 

SAW  RESONATOR  MEASUREMENT 


MEAS 

NO 

FREQ 

(KHZ) 

R| 

(OHMS) 

Cl 

(FF) 

C0 

(PF) 

1 

375163  1 

67  15 

8907 

2  07 

2 

375163.2 

67  14 

8907 

2  07 

3 

375163  2 

67  15 

8888 

2  07 

4 

375163  2 

67  13 

8946 

2  07 

5 

375163  2 

67  14 

8945 

2  07 

MEAN  C,  *  892  FF  0  *  7.1  K 
E  [CfJ  =  003 

Equivalent  Circuit  Parameter  Measurements,  375  MHz 
SAW  Resonator. 


TABLE  21 

UNWANTED  MODE  MEASUREMENTS 

121.5  MHZ  5™  OT 


MODE 

FS 

RS 

LS 

Q/r 

REF  NO 

(KHZ) 

(OHMS) 

( wH) 

0 

121500  302 

32  3 

2  57 

68 

1 

530770 

298 

25  4 

74 

2 

536  63 

869 

35  7 

25 

3 

543  32 

102 

912 

22 

4 

588  23 

347 

28  8 

63 

5 

60697 

317 

13  3 

69 

6 

649  46 

1305 

34  3 

17 

7 

66455 

642 

52  0 

34 

8 

68551 

454 

38  0 

48 

9 

73855 

1170 

55  4 

19 

10 

757  53 

1131 

64  8 

19 

Unwanted  Mode  Measurements 

,  121. 

5  MHz  5th 

OT 

Osci 1 1 ator  Crystal . 
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Table  VII  Calculated  Measurement  Errors  (CL  -  32  pF.) 


Resolution 

Error 

Mfgr  1  s .  11 

Typical"  Error 

Nomina ! 

Va 1 ues 

Tx-.OOOI 

Ty-.OOO) 

0 - . oo(8) rx 

( I  ' .001 8) Fy 

4, 192,000 

<  .00! 

<  .001 

<  .001 

<  .001 

R|  (Ohms) 

20.00 

<  .0) 

<  .01 

.04 

<  .01 

C0(PF.) 

3.50 

<  .01 

+  -03 

<  .01 

-  .01 

C  f (mH . ) 

120.00 

-  .02 

<  .01 

.06 

-  -15 

Meas . fL (Hz) 

It,  192.709 

.  10 

*  -75 

2.00 

-1.14 

\ (Ohms) 

22*.  61 

1.41 

.  18 

23.16 

+  .26 

Calc.  fL(H2) 

it,  192,709 

•09 

-  .76 

-  .49 

-1.01 

(Ohms) 

24.62 

<  .01 

■05 

+  .06 

-0.01 

Table  VIII  Calculated  Measurement  Errors 


Resolution  Error 

Mfgr's.  "Typical"  Error 

Nominal 

Values 

Tx-.OOOI  Ty-,0001 

( 1- . 0021 )Tx 

()-.O02i)ry  i 

fs(Hz) 

145,600,000 

<1  <1 

<  1 

if 

% 

\ 

Rl 

250 

-.09  +.01 

-1-25 

3 

V 

-  .01  i 

c0(pf-) 

1.20 

<•01  <,0! 

<  1 

■4 

4 

..3 

L | (mH . ) 

18.00 

-■01  <.01 

-  .16 

*  i* 

"  03  i 
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ABSTRACT 

Tilt  Automatic  Bridge  Measuring  System  (AMBS) 
is  designed  to  serve  as  the  reference  test  set  for 
the  measurement  of  electrical  characteristics  of 
quartz  crystal  units  covering  the  frequency  range 
of  0.8  MHz  to  220  MHz.  Quartz  crystal  parameters 
to  be  measured  include  parallel  resonant  frequency 
(fp) ,  static  capacitance  (C0) ,  motional  capacitance 
(C|),  quality  factor  (Q)  ,  series  resonant  resis¬ 
tance  (R,.)  and  parallel  resonant  resistance  (Rp). 

The  system  consists  of  an  electronically  tun¬ 
able  microcircuit  admittance  bridge  (EMCB)  which 
is  designed  to  measure  the  resistive  and  reactive 
component  of  the  quartz  crystal  impedance  by  adjust¬ 
ing,  in  a  calibrated  manner,  two  (2)  electrically 
orthogonal  internal  elements  until  the  output  of 
the  bridge  is  zero;  a  single  crystal  oven  which 
controls  the  temperature  surrounding  the  crystal 
to  within  ,02°C  in  the  range  of  40°C  to  95°C;  a 
tracking  servo  bridge  detector  (TSBD)  which  incor¬ 
porates  the  features  necessary  to  permit  automating 
the  operation  of  the  electronically  tunable  micro- 
circuit  bridge;  an  offset  local  oscillator  which 
provides  the  RF  signal  for  the  tracking  servo 
bridge  detector  and  a  bridge  balance  control  unit 
which  provides  the  Interface  between  the  electroni¬ 
cally  tunable  bridge  and  the  tracking  servo  bridge 
detector  to  effect  semi-automatic  or  automatic 
balancing  of  the  bridge. 

The  heart  of  the  system  is  the  electronically 
tunable  microcircuit  bridge  head  of  the  Schering 
type  with  the  "unknown"  in  the  parallel  arm.  The 
variable  elements  for  the  capacitive  and  resistive 
values  are  varactors  whose  capacitance  versus  volt¬ 
age  characteristic  is  described  by  the  equation 

c  “ - K.._ 

(V+a)n 

where  k,  a  and  n  are  constants.  The  DC  bridge 
control  signals  are  supplied  by  the  bridge  balance 
control  unit  (BBCU) .  The  bridge  Itself  contains 
no  active  elementa. 


A  set  of  calibration  elements  is  provided  with 
each  EMCB  for  continuous  traceability  to  NBS . 

NBS  is  presently  evaluating  the  AMBS  with  the 
intention  of  establishing  a  secondary  standard  for 
measuring  passive  components  at  any  frequency  in  the 
range  of  0.8  to  220  MHz.  Test  data  demonstrating 
the  accuracy,  resolution  and  repeatability  of  the 
measurement  system  is  presented. 

Introduction 

A  comprehensive  program  for  the  development  of 
a  new  generation  quartz  crystal  measurement  system 
is  being  pursued  by  the  US  Army  Electronics  Research 
and  Development  Command  (ERADCOM) .  The  goal  of  the 
program  is  a  modern  system  capable  of  evaluating  all 
crystal  parameters  automatically,  including  changes 
with  temperature  and  time.  The  primary  purpose  of 
the  system  is  to  replace  the  family  of  Cl  meters 
currently  used  as  the  government  reference  test  sets 
for  crystal  units. 

Toward  this  goal,  an  electronically  tunable 
microcircuit  admittance  bridge  was  designed  and 
demonstrated  at  the  30th  AFCS  (1976) 1.  Included 
in  the  1976  report  was  a  description  of  a  sensitive 
detector  (tracking  servo  bridge  detector  -  TSBD) 
for  which  a  pilot  production  line  was  established 
at  the  General  Radio  Corp.  under  an  Army  Manufac¬ 
turing  Methods  and  Technology  (MM&T)  contract.  The 
system  at  that  stage  of  development  was  suitable  for 
manual  operation.  However,  further  development  work 
to  optimize  the  bridge  was  considered  desirable  be¬ 
fore  mounting  a  production  engineering  effort. 

An  R6D  contract  was  awarded  to  GenRad  in  June, 
1976  for  work  on  the  electronically  tunable  bridge 
as  well  as  on  an  interface  unit  between  the  bridge 
and  the  TSBD.  The  purpose  of  the  Interface  unit 
was  to  effect  automatic  control  of  the  voltages 
applied  to  the  bridge  for  balancing  it  in  the 
proper  sequence,  as  required  for  the  various  measure¬ 
ments  in  the  course  of  a  crystal  evaluation.  The 
feasibility  of  the  concept  was  further  confirmed 
under  the  GenRad  contract, 2  and  the  task  has  been 
continued  at  ERADCOM  for  the  detailed  implementation 
of  the  automatic  measurement  system. 


The  results  of  the  work  at  ERADCOM  were  reported 
at  the  32nd  AFCS  (1978)3.  This  report  concluded  that 
an  automated  test  set  for  measuring  quartz  crystal  units 
could  be  established  as  a  reference  sf*ndard.  The  sys¬ 
tem  would  be  based  on  the  use  of  an  el*.  :tronically 
tunable  microcircuit  admittance  bridge. 

To  establish  a  production  source  for  the  sys'.^m 
and  to  establish  traceability  of  the  system  calibration 
to  NBS ,  an  MM&T  contract  on  a  single  crystal  measuring 
system  was  awarded  to  Hughes  Aircraft  Co. ,  Newport 
Beach  (HAC/NB) ,  in  October  1979. 

A  second  (Phase  II)  contract  has  been  awarded  to 
HAC/NB  for  the  production  of  a  multicrystal  system 
for  automatic  frequency  temperature  measurement  of  up 
to  200  crystal  units  per  load.  Work  on  this  phase  is 
currently  underway. 

The  Automatic  Microcircuit  Bridge  System  (AMBS) 

The  Automatic  Microcircuit  Bridge  System  was 
developed  to  meet  the  following  specifications: 

Frequency  Range:  0.8  to  220  MHz 

Resistance  Range:  2  to  20,000  ohms 

Capacitance  Range:  40  pf 


The  basic  elements  of  the  system  consist  of  the 
electronically  tunable  microcircuit  bridge  (EMCB), 
tracking  servo  bridge  detector  (TSBD)  with  its  offset 
local  oscillator  (OSLO),  a  single  crystal  oven  (SCO), 
an  oscilloscope,  a  frequency  counter  including  an  RF 
switch,  the  bridge  balance  control  unit,  (BBCU)  and  a 
calculator/controller.  The  calculator/controller, 
frequency  counter,  frequency  synthesizer  and  the 
oscilloscope  are  off-the-shelf  items.  An  KF  Switch 
has  been  added  to  the  frequency  counter  to  permit  the 
direct  or  beat  frequency  of  the  synthesizer  to  be 
applied  to  the  counter.  The  remaining  elements;  the 
microcircuit  bridge,  the  tracking  servo  bridge  detector, 
the  offset  local  oscillator,  the  single  crystal  oven, 
and  the  bridge  balance  control  unit  were  designed  and 
fabricated  especially  for  the  subject  system. 

The  Bridge  Balance  Control  Unit  (BBCU) 

The  design  concepts  used  in  the  BBCU  are  described 
in  reference  3.  The  BBCU  acts  as  the  interface  and 
control  element  between  the  calculate/controller  and 
the  crystal  measurement  system.  It  has  the  following 
functions  in  the  measurement  system: 

(a)  Interface  to  the  system  calculator  via  the  IEEE- 
488  Bus 

(b)  Control  of  all  of  the  remote  TSBD  Functions 


Resistance  Accuracy:  +  4% 

Capacitance  Accuracy:  +  2% 

Drive  Level  Range  (across  unknown):  1  mv  to  ,2Vrms 
Control  Voltage  Range:  0  to  30  VDC  X&Y 


(c)  Generation  and  control  of  the  bridge  X&Y 
Voltages 

(d)  Control  and  measurement  of  the  SCO  temperature 

(e)  Selection  of  the  RF  input  to  the  frequency 
counter 


Input,  Output  Impedances:  50  ohms 
Load  Capacitors:  20,  30  and  100  pF  +  1% 
Temperature  Range:  -60°C  to  +105°C 
Frequency  Resolution:  better  than  1  X  10~8 

The  complete  system  is  capable  of  automatically 
measuring  the  following  crystal  parameters,  at  any 
temperature,  in  the  above  stated  range: 

Fl  Load  Capacitance 

Fr  Series  Resonant  Frequency 

Fp  Parallel  Resonant  Frequency 

Rr  Resistance  at  Series  Resonance 

CQ  Static  Capacitance 

Cj  Motional  Capacitance 

Q  Quality  Factor 

In  addition,  the  system  permits  viewing  and 
measurement  of  spurious  modes  and  harmonics. 

With  the  inclusion  of  the  temperature  chambers  and 
transport  mechanisms  now  being  developed,  the  system 
is  intended  to  perform  frequency  vs.  temperature 
measurements  on  200  crystals  at  a  time  over  the  mili¬ 
tary  temperature  range. 

A  block  diagram  of  the  AMBS  is  shown  in  Figure  1. 


The  BBCU  is  composed  of  functional  elements  on 
printed  circuit  board  which  are  the: 


(a) 

BCU  Controller 

(MC6800  CPU) 

(b) 

TSBD  Interface 

(c) 

Bridge  Control 

(X,Y  Voltage) 

<d) 

SCO  and  RF  Switch 

In  addition,  the  BBCU  also  contains  its  own 
power  supply  and  front  display  panel. 

The  Electronically  Tunable  Microcircuit  Admittance  Bridge 

The  entire  bridge  is  contained  in  a  rectangular  brass 
block,  the  physical  size  of  which  is  approximately  1.25  x 
1.75  x  7.25  cm.  The  solid  coax  lines  connecting  the 
bridge  to  the  TSBD  are  feedlines  only  and  not  part  of 
the  measuring  circuit.  The  bridge  is  self  contained  and 
can  be  used  remotely  from  the  TSBD,  such  as  in  a  single 
crystal  oven  or  a  multiple  crystal  oven. 

The  configuration  is  that  of  a  traditional  Schering 
Bridge  with  the  additional  elements  required  for  biasing 
the  varactors  which  serve  as  the  variable  bridge  elements. 
All  resistors  are  part  of  a  thick  film  substrate.  The 
fixed  capacitors  are  all  high  quality  porcelain  chips. 

The  bridge  is  designed  for  measurement  of  crystal 
units  with  roqistive  values  greater  than  two  ohms.  The 
capaclf  .ice  m  asurement  range  is  approximately  40  pF. 

All  ijor  bridge  elements,  with  the  exception  of 
the  varactor  bias  resistors,  bypass  capacitors,  and 
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transformers  are  mounted  on  a  21  x  30  mm  alumina  sub¬ 
strate.  The  substrate  with  the  components  mounted  on 
it  is  attached  to  a  gold  plated  insert  which  is  then 
fitted  into  an  intricately  worked  cavity  in  the  bridge 
block.  After  the  insert  is  soldered  into  place,  each 
component  is  essentially  housed  in  its  own  individual 
cavity  for  maximum  shielding.  Connections  to  the  trans¬ 
formers  are  made  by  means  of  0.5  mm  O.D.  semirigid 
coaxial  cables.  The  terminal  block  for  the  Unit  Under 
Test  (UUT)  is  mounted  on  the  exposed  side  of  the  bridge 
substrate  and  connected  to  the  bridge  network  by  a 
short  post  extending  through  a  hole  in  the  substrate. 

Load  capacitor  chips  of  20pF,  30pF  and  lOOpF  are 
mounted  alongside  the  terminal  block. 

Mathematical  modeling  of  the  circuit  has  been 
performed  at  ERADCOM  and  the  results  are  reported  in 
reference  3. 

The  Tracking  Servo  Bridge  Detector  (TSBD) 

The  TSBD  was  designed  to  be  used  in  conjunction  with 
RF  bridges  and  frequency  synthesizers  to  measure  quartz 
crystals  with  high  reproducibility  and  accuracy.  The 
unit  serves  as  a  very  sensitive  detector  for  the  bridge 
unbalance  signal,  permitting  measurements  at  power 
levels  ranging  from  several  milliwatts  to  well  below  a 
nanowatt.  High  signal  detectivity  (-155  dBm)  Is  achieved 
by  super-heterodyne  conversion,  low  noise  IF  amplifi¬ 
cation  and  synchronous  detection.  The  latter  attribute 
not  only  provides  independent  reactive  and  resistive 
unbalance  detection,  but  also  permits  the  use  of  a 
control  loop  to  lock  the  synthesizer  frequency  to  the 
crystal  under  test,  automatically  maintaining  reactive 
bridge  balance.  This  key  feature  makes  practical  the 
widespread  use  of  bridge  measurements  of  crystals. 

Other  features  include  X10  frequency  multiplier 
(43-220  MHz)  to  extend  synthesizers  of  limited  fre¬ 
quency  range,  a  broadband  power  amplifier  with  attenua¬ 
tor  (4-30  to  -70dBm)  for  control  of  measurement  power 
level,  linear  and  log  detector  response  modes,  accurate 
adjustment  of  synchronous  detector  phase,  a  wide  band 
of  swept  frequency  displays  for  initial  set  up  and 
inspection  of  spurious  modes,  and  a  versatile  servo 
amplifier  for  locked  operation  and  automatic  lock 
acquisition.  The  frequency  lock  servo  system  not  only 
permits  fast,  automatic  determination  of  a  certain 
characteristic  frequency  of  a  crystal  resonator 
(series  resonance,  for  example)  but  also  can  follow  the 
Impedance  circle  to  determine  crystal  Inductance,  or 
track  frequency  variations  versus  temperature. 

The  frequency  range  of  the  instrument  is  0.8  to 
220  MHz.  The  instrument,  together  with  its  companion 
offset  local  oscillator  unit,  RF  bridge,  frequency 
control  synthesizer,  and  oscilloscope,  provides  all 
needed  functions  for  crystal  measurement. 

The  Offset  Local  Oscillator  (OSLO) 

The  OSLO  produces  a  signal  offset  of  4-80KHZ  from 
the  synthesizer  input  for  use  as  the  local  oscillator 
In  the  receiver  section  of  the  TSBD.  The  receiver 
input  mixer  then  produces  a  constant  80KHz  I.F.  as  the 
synthesizer  varies  over  the  specified  frequency  interval. 

It  is  important  that  the  OLSO  signal  be  free  of 
spurious  frequency  components  which  could  result  in 
any  80KHz  I.F.  signal  in  the  absence  of  receiver  R.F. 
input.  Any  such  spurious  response  will  limit  the  ability 
of  the  receiver  to  detect  and  lock  to  the  correct  bridge 
balance  condition.  The  Ideal  situation  exists  when  the 
receiver  detectivity  is  limited  by  noise.  Towards  this 


end,  a  new  design  has  been  developed  which  has  advan¬ 
tages  over  the  original  OSLO  design.  The  major  improve¬ 
ment  is  the  operation  of  the  internal  f requency^at  the 
single  sideband  generator  in  a  higher  range  than  input 
or  output  frequency.  This  arrangement  reduces  the  inter¬ 
ference  of  the  harmonic  frequencies  to  the  output  signal. 

The  Input  and  output  levels  are  dictated  by  those 
specified  for  the  tracking  servo  bridge  detector;  zero 
dBm  generator  input  and  4-10  dBm  OSLO  output.  The  OSLO 
unit  obtains  power,  control,  and  alarm  signals  from  the 
TSBD. 

The  approach  taken  in  this  OSLO  design,  based  on  the 
results  of  a  study  described  in  reference  4,  first 
generates  a  crude  offset  signal  by  phasing  type  single 
sideband  techniques  and  then  uses  a  phase  locked  loop 
as  a  filter  to  achieve  the  required  spectral  purity. 

Generation  of  the  SSB  offset  reference  signal  is 
done  at  double- frequency  to  reduce  the  harmonic 
generator  component  on  the  OSLO  output. 

The  Single  Crystal  Oven 

The  single  crystal  oven  is  designed  to  maintain  the 
crystal  temperature  to  an  accuracy  of  +  0.02°C  over 
the  temperature  range  of  4-35oC  to  4-95°C.  A  maximum 
of  15  minutes  is  required  for  stabilization  to  within 
+  ,02°C  of  the  temperature  set  point. 

The  mechanical  package  consists  of  a  round,  11  cm 
diameter,  clam  shell  fixture  fabricated  of  aluminum. 

The  EMCB  and  the  temperature  control  electronics, 
surrounded  by  foam  insulation,  are  contained  within 
the  shell.  The  temperature  control  electronics  are 
proportional,  consisting  of  a  temperature  monitor  and 
an  adjustment  bridge  which  drives  an  operational 
amplifier  controlling  a  power  transistor.  The  collector 
resistor  of  the  power  transistor  Is  the  heating  element. 
Feedback  from  the  transistor  collector  to  the  operational 
amplifier  provides  the  proportional  control  and  enables 
the  circuit  to  closely  control  the  oven  temperature. 

Calibration  of  the  AMBS  System 

Calibration  of  the  AMBS  system  is  performed  using 
a  group  of  resistive  and  capacitive  elements  calibrated 
at  the  National  Bureau  of  Standards,  Boulder,  Colorado. 
The  element  set  consists  of  seven  discrete  values  of 
resistance  and  four  of  capacitance,  covering  the 
specified  AMBS  resistance  range  of  2  ohms  to  20,000  ohms 
and  the  capacitance  range  of  40  picofarads.  The 
resistive  and  reactive  components  of  each  element  are 
measured  and  recorded  by  NBS  over  the  system  frequency 
range  of  0.8  MHz  to  220  MHz.  This  data  will  accompany 
each  set  of  calibration  elements.  These  elements  will 
be  returned  to  NBS  periodically  for  recalibration. 

(The  period  has  not  yet  been  established.) 

The  resistive  elements  are  fabricated  using  thin 
film  techniques  in  seven  discrete  values  including: 

3,  5,  10,  20,  50,  and  400  ohms  (which  use  the  same 
geometry),  and  10,000  ohms  which  requires  a  different 
geometry.  To  promote  ease  of  fixturing  and  handling, 
gold  plated  end  caps  were  added  to  the  chips  so  that 
the  element  when  completed  is  a  rectangular  block 
approximately  5  x  1.5  x  1.6  mm. 

The  capacitive  elements  are  fabricated  using  high 
quality  porcelain  chips  in  four  discrete  values  5, 

10,  20,  and  40  picofarads.  Again,  to  promote  ease  of 
fixturing  and  handling,  gold  plated  end  caps  are  added 
so  that  the  element,  when  completed,  is  a  rectangular 


block  approximately  4  x  1.5  x  1.6  mm. 

The  elements  are  calibrated  at  NBS  at  room 
temperature  at  the  following  discrete  frequencies: 

0.8,  1.0,  2.0,  5.0,  10.0,  20.0,  50.0,  100.0,  150.0, 
200.0,  and  220.0  MHz. 

The  AMBS  system  calibration  will  consist  of 
measuring  and  recording  the  system  bridge  values  for 
each  resistive  and  capacitive  calibration  element  at 
the  eleven  frequency  test  points  listed  in  the  preceding 
paragraph.  The  system  is  required  to  maintain  a 
measurement  accuracy  within  +  4 X  of  the  NBS  calibrated 
value  for  the  resistive  elements  and  +  2%  for  the 
capacitive  elements. 

System  Performance 


The  AMBS  performance  was  checked  using  a  set  of 
calibration  elements  that  had  been  measured  by  the 
National  Bureau  of  Standard. 

The  plots  of  frequency  vs  resistance  and  freq¬ 
uency  vs  capacitance  are  shown  in  Figures  2-9.  Four 
resistor  values,  5,  10,  20  and  50  ohms,  and  capacitors 
of  5,  10,  20  and  40  pF,  were  employed.  The  data 
is  plotted  with  an  asterisk  symbol,  and  measured 
results  with  dots.  The  frequency  range  over  which  the 
elements  were  tested  was  0.8  MHz  to  220  MHz,  and  the 
tests  were  performed  at  room  temperature.  The  vertical 
scale  represents  1%  variations  in  resistance  per  tic 
and  27  variation  per  tic  for  capacitance. 

The  results  of  these  tests  indicate  that  the  AMBS 
performance  is  within  the  specified  accuracy  ranges 
of  +  4%  for  resistance,  and  +  2%  variation  per  tic 
for  capacitance. 


Conclusion 


A  system  to  perform  precision  measurements  on 
quartz  crystals  has  been  described.  The  results  of 
tests,  reported  here  and  in  previous  symposia,  have 
verified  the  accuracy  of  the  system. 

It  has  been  demonstrated  that  the  results  obtain¬ 
ed  with  this  system  can  be  traced  to  measurements 
made  by  the  National  Bureau  of  Standards. 
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Fig.  5:  Frequency  vs.  50  ohm  Resistor 
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Summary 

Progress  on  AlPOA  is  summarized  in  four  areas:  (a)  the 
discovery  of  a  new  hydrothermal  solvent  for  AIPOa,  MCI,  and  a 
report  of  solubility  and  growth  relations  in  this  solvent,  (b)  the 
measurement  for  the  first  time  of  p-V-T  relationships  in  HyPOA 
saturated  with  AlP04  and  their  use  to  rationalize  solubility  data 
in  H,P()4  (c)  the  use  of  p-V-T  data  for  H  \POA  and  HO  to 

choose  high  fill  -  high  growth  rate  conditions  for  the  growth  of 
AlPO  4  single  crystals,  (d)  coupling  constant  and  dielectric  con 
slant  measurements  for  AlPO A  which  confirm  its  device  poten¬ 
tial  and  demonstrate  a  novel  loading  technique  which  only 
requires  small  samples  for  piezoelectric  measurements. 

Introduction 

This  paper  summarizes  in  a  form  useful  to  device  and 
device  materials  people  .ecent  wark  on  four  separate  studies  on 
AlPO 4  Those  interested  in  experimental  and  other  details  on 
the  physical,  chemical,  crystal  growth,  or  solid  state  aspects  of 
these  studies  may  wish  to  consult  the  appropriate  more  detailed 
papers  The  subjects  discussed  are  HC*f  as  a  solvent  (  I).  p-V-T 
rclat  ms  in  HxPOA  (2).  high  growth  rales  in  // \POA  and  HO 
(  3)  anti  coupling  and  dielectric  (4)  constants. 

HC'l  -  A  ,Vu  Solvent  for  AIPOa  III 

In  a  search  for  a  new  hydrothermal  crystal  growth  solvent 
for  4lPOA  a  variety  of  solvents  were  investigated  (Table  I)  Of 
these  possible  solvents  only  HO  appeared  promising  Sys¬ 
tematic  solubility  studies  in  HO.  Figs.  1,2,3.  showed  the 
dependence  on  temperature  to  be  retrograde  but  with  a  consid¬ 
erably  higher  solubility  for  a  comparable  mineralizer  concentra¬ 
tion  when  compared  to  H  }POA  (5).  previously  the  only  known 
solvent  for  AIPOa  growth 

Preliminary  growth  experiments  were  conducted  at  the 
following  conditions 

C  one  HO  -  1  52^  m  and  3. OS  m 
Seed  region  temperature  at 
beginning  of  run  I  50- 1  52 ‘C 
Growth  region  temperature  at 
beginning  of  run  I5I-154T 
Rate  of  temperature  increase  - 

2 -20  7  da 

T  fill  -  *2 


Seeds  were  suspended  in  the  lower  (hotter!  part  of  the 
autoclave  and  excess  solute  nutrient  in  a  basket  in  the  upper 
(cooler)  part  of  the  autoclave.  The  method  of  growth  and 
nuti-jent  preparation  was  that  which  we  first  used  in  growing 
AIPOa  in  thPOA  (6) 

Growth  rates  increased  when  the  heating  rate  was 
increased  up  to  10  /da  but  no  substantial  improvement 
occurred  at  15  /da  in  1.525  m  HCI  while  in  3.05  m  HCI  a  rate 
of  temperature  increase  of  20  /da  proved  practicable  There 
was  no  evidence  of  homogeneous  or  wall  nucleation  of  AlPO A 
even  at  the  highest  heating  rates  in  1.525  m  HCI  while  in  3  05 
m,  the  spurious  nucleation  was  not  excessive.  Under  compar¬ 
able  conditions  of  heating  rate  in  HyPOA,  AlPOA  spontaneous 
nucleation  regularly  occurs  on  seeds  resulting  in  poor  quality 
growth  Growth  rates  are  given  in  Table  2.  Rates  in  3.05  m 
HCI  are  higher  than  for  comparable  conditions  in  H}P04  The 
quality  as  judged  by  visual  and  microscopic  inspection  in  an 
immersion  oil  seemed  approximately  comparable  to  HyPOt 
grown  crystals  and  the  growth  rates  in  3.05  m  begin  to  approach 
those  for  quart/.  Therefore,  the  most  promising  solvents  for 
AIPOa  are  H  ^POA  and  the  new  solvent,  HCI 


p-V-T  Relations  in  H yPO 4  (2) 

One  of  the  principal  problems  in  systematizing  AIPOa  cry¬ 
stal  growth  rate  and  quality  relationships  in  H  }PO 4  is  a  lack  of 
good  solubility  data  at  the  constant  fill  conditions  which  are  used 
for  growth  (6).  Good  solubility  data  is  available  at  constant 
pressure  (5)  but  p-V-T  data  arc  needed  to  convert  it  to  constant 
fill.  We  have  now  measured  the  equation  of  state  of  H^POA 
saturated  with  AIPOa  over  the  pressure-volumc(fill)- 
temperature  -  H^POa  concentration  regions  of  interest  as 
shown  in  Figs  4,5.6  As  can  be  seen,  the  slope  of  p-T  curves 
for  7.58  m  H  yPOA  at  constant  percent  fill  saturated  with  AlP04, 

1^-1  (equivalent  to  constant  density  and  constant  specific 


UT 


1*7 


volume),  is  independent  of  temperature  at  temperatures  above 
the  coexistence  curve  Thus,  data  may  be  extrapolated  to 
higher  temperatures  and  pressures  without  significant  error  As 
shown  elsewhere  (2),  pressures  in  HyPOA  arc  substantially 
depressed  from  pure  water  and  pressures  in  the  system 
H 20~H iPOA-AlPOA  are  slightly  depressed  from  H}POA  The 
pressure  data  are  used  to  convert  AIPOa  solubility  data  at  con¬ 
stant  pressure  to  data  at  constant  percent  fill.  Fig.  7  shows  that 
in  general  the  temperature  coefficient  of  solubility  at  constant 


percent  fill 


is  negative 


The  temperature  at  which  the  autoclave  fills  with  one 
phase  (Fig.  5)  can  be  used  to  avoid  two  fluid  phase  regions 
where  growth  is  slow  because  of  poor  convection  and  where 
quality  is  poor  because  of  bubble  inclusions. 
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High  Growth  Rates  in  HlPOA  and  HO  (3) 


Acknowledgments 


Our  pVT  data  for  H^P04  and  HC1  pVT  data  from  the 
literature  (7),  can  be  used  to  choose  conditions  where  only  one 
fluid  phase  is  present.  For  continuous  growth  where  supersa¬ 
turation  is  caused  by  a  temperature  differential,  seeds  arc  in  the 
lower  region  of  the  autoclave  (hotter)  and  nutrient  in  an  upper 
region  in  a  basket  using  the  procedures  which  we  have  first 
reported  previously  (6).  Table  3  gives  typical  conditions  and 
results.  As  can  be  seen,  growth  rates  in  excess  of  50  mil/da 
can  be  obtained,  under  conditions  of  no  spontaneous  nuclea- 
tion.  These  results  are  quite  promising  for  further  study 

Coupling  Constants  and 
Dielectric  Constants  (4) 

A  novel  loading  technique  (4,8)  and  dielectric  constant 
methods  (4)  were  used  to  measure  the  properties  of  AlP04. 
Tables  4  and  5  give  typical  results.  As  a  further  check  of  our 
procedures  the  same  dielectric  constant  method  was  used  to 
measure  the  dielectric  constants  of  vitreous  Si02  and  crystalline 
quartz  and  it  gave  good  agreement  with  literature  values.  Simi¬ 
larly,  we  used  our  loading  procedures  to  measure  the  coupling 
contact  of  crystalline  quartz  and  obtained  reasonable  agreement 
with  literature  values. 

As  can  be  seen,  our  values  of  coupling  constant  and 
dielectric  constant  for  AlPO 4  agree  with  literature  values  and 
confirm  the  attractiveness  of  AlPO 4  for  device  applications. 
The  loading  technique  we  have  used  for  piezoelectric  constant 
measurements  is  attractive  because  it  permits  measurements  on 
samples  as  small  as  '2x2x2  1/2  mm.  The  alternative  resonance 
-  antiresonance  method  typically  requires  plates  '1cm  in  diame¬ 
ter.  Thus  our  method  permits  evaluation  of  small  specimens 
before  cyrstal  growth  is  scaled  up  and  can  be  used  to  map 
homogeneity  Finally,  we  should  point  out  that  our  dielectric 
constant  measurements  arc  the  only  experimental  confirmation 
of  an  early  literature  value  (9)  and  permit  the  use  with 
confidence  of  a  dielectric  constant  of  6  in  calculations  of  the 
properties  of  AIP04  devices 

Conclusions 

On  the  basis  of  a  comparatively  short  experimental 
evaluation,  a  new  solvent,  HC1,  gives  quality  at  best  equivalent 
to  and  possibly  superior  to  H yP04,  the  previous  solvent  which 
has  been  evaluated  for  20  years.  Thus,  further  tuning  of  the 
conditions  used  with  this  solvent  is  warranted 

Systematic  p-V-T  measurements  have  provided  back¬ 
ground  for  interpreting  solubility  results,  can  be  used  for  the 
choice  of  both  low  pressure  and  high  pressure  growth  condi¬ 
tions  and  have  pointed  the  way  to  new  growth  conditions. 

^ew  high  pressure  growth  conditions  in  the  one-fluid 
phase  *egion  give  the  highest  rates  without  spontaneous  nuclea- 
tion  evtr  seen  for  both  H \PO 4and  HCI. 

A  n  ovel  loading  technique  suitable  for  small  sample  speci¬ 
men.  piezoelectric  constant  evaluation,  and  new  dielectric  con¬ 
stant  measurements  confirm  the  promising  physical  properties 
of  AlPO 4  for  devices  and  show  that  present  growth  conditions 
can  produce  material  suitable  for  further  study. 
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Table  I  -  AIPO,  Results  in  Various  Solvents 


Run  No 

Solvent 

Temperature 

(*C) 

Pressure 

(kpsi) 

Time 

(days) 

Observations 

1 

3  05m  NaOH 

no 

10 

3 

Residue  not  AIPOa 

2 

4.62m  Na  ,PO, 

too 

10 

3 

Residue  not  AlPOA 

3 

3  0m  \a,HPO,+ 

300 

10 

5 

']%  solubility 

4.5m  HtPO, 

4 

3  05m  CH,COOH 

170 

10 

3 

Negligible  solubility 

5 

3  05m  NaCI 

170 

10 

3 

“4%  solubility 

6 

3  05m  NaCI 

300 

10 

4 

Negligible  solubility 

7 

3.05m  NH,HF} 

300 

10 

5 

Residue  not  A1POa 

8 

3.05m  NH^1F1 

170 

10 

5 

Residue  not  AIPO, 

9 

3  05m  HNO , 

170 

10 

5 

Negligible  solubility 

Table  2  -  AIPO,  Growth  in  HCI 


basal  seed  (0001 ) 
Y  cut  seed  ( 1010) 
X  cut  seed  ( 1 1 20) 


I  525  m  HCI 
1 10' /day  -  U  days) 

4.3  mil/da 

0.3 

2.6 


3.05  m  HCI 
1 20' /day  -  8  days) 

15.4  mil/da 

1.7 

10.8 


Table  3  -  High  Fill  Conditions  Based  on  p-V-T  Measurements 


Solvent 

%  Fill 

Crystallization  Temp, 
f  Bottom  of  Autoclave 1 

ST 

Rate 

(0001) 

Time  of 
Expt. 

7  58m  HfO, 

95 

185*C 

1 5’C 

43  mil/da 

5  days 

6  0m  HCI 

92 

1 90*C 

20'C 

50  mil/da 

5  days 

Table  4  -  AIPO,  Dielectric  Constants 
5mHz  ImHz  100kHz  10kHz 


(ti 

(field  parallel  to  s)  _  5.919  ±  .02  6.025  1.02  6.022  1.02  6.024  1 

(n  Mason  (9) 

(Resonance-antireson.)  6.05  -  -  - 


.02 
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Tabic  5  -  Piezoelectric  Coupling  Constants 
AiP04 


d„ 

Sample 

Measured  Directly 

Meas.  from  d{, 

and  d}2  • 

Meas.  from  di2* 

240l-3a-la 

3.84X10' l2OV  1 

3  62X10  '*CN~' 

2401 -3a- lb 

2401 -3b- 1 

3.50 

3.22X10'I!CN  1 

3  46 

Avg.  d„ 

Grand  avg.  du 

Mason  (9) 

(resonance  antiresonance) 

3.67 

3.52±.25 

3.33XIO'12 

3.22 

3.54 

v,  ~d}2 


0  2  4  6  8  10 

HCi  MOLARITY 


Fig.  2.  Solubility  of  AlPO ,  in  HCI  it  10  kpii. 


W6T  %  SOLUBILITY  i/f04 


PRESSURE (BAR! 


76  80  82  84  06  86  90 

%  FILL 

Fig.  6.  Pressure  vs.  %  fill  -  7.58m  H^POa~AIPOa. 
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This  presentation  describes  the  automated 
hydrothermal  system  constructed  and  operated  by 
RADC/ESM.  Initial  results  using  this  facility  for 
quartz  growth  will  be  presented.  Crystals  contain¬ 
ing  less  than  one  ppma  aluminum  have  been  produced. 
There  is  some  indication  that  the  growth  mechanism 
at  low  rates  is  different  than  at  higher  growth 
rates.  Some  material  has  been  swept  and  is  being 
fabricated  Into  resonators. 

Introduction 

A  completely  computerized  hydrothermal 
facility,  consisting  of  ten  crystal  growth  auto¬ 
claves,  has  been  constructed  at  RADC/ESM.  It  is 
essentially  a  research  operation  and  has  primarily 
been  used  to  investigate  growth  conditions  for  the 
production  of  high  quality,  low  drift,  radiation 
tolerant  quartz.  Initial  emphasis  has  been  placed 
on  improving  the  purity  of  quartz  by  modification 
of  growth  conditions  and  nutrients,  by  examining 
the  effects  of  seed  quality,  and  by  using  noble 
metal  liners. 

Facility 

Some  of  the  crystal  growth  autoclaves  are 
shown  in  Figure  l.  There  are  four  autoclaves  with 
interior  dimensions  IV  X  1  foot,  four  at  3"  by 
three  feet  and  two  with  dimensions  4"  X  4  feet. 
Those  autoclaves  are  equipped  with  modified 
Bridgman  seals  and  can  be  operated  at  400  degrees 
C  and  30,000  psi. 

Silver  and  platinum  inserts  are  often  used 
to  Isolate  the  growth  from  the  steel  autoclave 
chamber.  These  consist  of  tubular  cans,  prefilled 
and  then  welded.  Some  of  these  liners  have  been 
totally  sealed,  while  in  others  a  capillary  open¬ 
ing  has  been  left  to  prevent  crushing  due  to 
di/ference8  in  vapor  pressure  during  heatup  and 
cooldown . 

Primary  long  term  control,  data  keeping,  and 
alarm  processing  is  managed  by  a  Hewlett  Packard 
Series  1000  computer- (Figure  2).  This  computer 
has  a  real  time  operating  system  and  schedules  a 
control,  data,  and  alarm  program  based  on  its  in¬ 
ternal  clock  for  each  autoclave  system  (Figure  3). 
Basic  run  parameters  for  a  run  are  input  through 
an  initialization  program,  and  the  entire  course 
of  the  run,  including  alarm  management  and  data 


file  creation  is  then  under  computer  control 
(Figure  4). 

Each  autoclave  has  four  thermocouples,  an 
embedded  thermocouple  and  a  skin  thermocouple  for 
each  zone,  as  well  as  a  pressure  transducer.  The 
computer  accesses  these  through  a  Leeds  s,nd 
Northrup  Trendscan  1000  scanner,  and  controls  in  a 
supervisory  mode  through  Leeds  and  Northrup 
Centry  setpoint  controllers  (Figure  5).  All  tem¬ 
peratures  and  the  pressure  value  are  stored  period¬ 
ically  in  disc  files,  and  checked  more  frequently 
to  Insure  that  no  alarm  value  has  been  exceeded. 
When  the  control  program  executes,  the  Imbedded 
thermocouples  are  compared  to  values  projected  by 
the  program  at  that  time  and  the  centry  setpoints 
are  adjusted  to  correspond.  Archival  storage  of 
data  and  computer  system  backup  is  done  on  magnetic 
tape,  and  an  X-Y  plotter  is  incorporated  into  the 
system  for  rapid  data  examination. 

In  case  of  computer  failure,  a  number  of 
backup  systems  exist.  The  Trendscan  is  Interfaced 
intc  an  alarm  processor  which  itself  sets  digital 
alarms  on  all  four  temperatures  and  pressure.  The 
pressure  transducer  is  fed  into  a  readout  which  has 
an  internal  alarm  entirely  Independent  of  all  other 
components  of  the  system.  The  effect  of  all  elect¬ 
ronic  alarms  is  to  turn  off  the  power  to  the  system, 
In  addition  there  are  two  30,000  psi  rupture  discs 
on  each  autoclave.  Data  can  be  printed  out  period¬ 
ically  with  the  Trendscan  Internal  printer  if  the 
computer  is  not  maintaining  files.  The  Centry  con- 
controllers  maintain  the  last  set  values,  and  can 
be  operated  manually  during  an  extended  computer 
outage . 

A  65  Kv  generator  backs  up  the  system  In  case 
of  power  failure.  The  computer  and  the  Trendscan 
have  battery  backup  systems  to  protect  against 
short  duration  loss  of  power,  and  will  restart  upon 
resumption  of  power.  A  telephone  dialer  is  wired 
to  the  system  and  can  be  used  to  alert  personnel  of 
alarms  and  other  abnormal  conditions. 

The  overall  control  and  reliability  of  the 
system  is  quite  good.  Figure  6  shows  a  projected 
run  and  Figure  7  actual  graphical  data  from  the 
run.  Since  the  imbedded  thermocouples  are  not 
actually  in  contact  with  the  solution,  overall 
control  may  be  slightly  different  than  ehown. 
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Results 

The  Initial  work  with  this  facility  involves 
the  preparation  of  high  purity  quartz  in  sizes 
sufficiently  thick  for  resonator  fabrication. 

When  this  phase  of  the  work  has  been  completed, 
attempts  will  be  made  to  improve  the  seed  quality. 

In  the  purification  portion  of  the  work  the 
primary  emphasis  has  been  the  use  of  cultured 
starting  material  and  inert  liners.  Ultrapure 
mineralizer  and  deionized,  distilled  water  have 
been  used,  but  It  is  not  believed  that  this  has 
a  serious  effect  on  the  quartz  purity.  Generally 
the  mineralizer  has  been  0.5  N  sodium  hydroxide 
with  a  small  amount  of  lithium  hydroxide  added. 

In  some  cases  0.5  N  sodium  carbonate  has  been  used 
as  will  be  discussed  later  in  this  presentation. 

The  per  cent  fill  is  in  the  region  of  75  -  82%. 

The  standard  procedure  has  been  the  growth  of 
crystals  in  the  small,  one-inch  autoclaves  and  to 
take  the  optimum  results  to  use  in  runs  performed 
In  three  inch  autoclaves.  We  are  just  starting 
the  runs  in  four  inch  autoclaves  where  we  can  pro¬ 
duce  a  sufficient  number  of  crystals  for  extensive 
evaluation  and  resonator  fabrication.  Evaluation 
techniques  include  X-ray  topography,  atomic  absorp¬ 
tion,  EPR,  low  temperature  TR  and  some  SEM. 

The  growth  rate  has  been  varied  by  altering 
the  temperature  difference  between  the  upper  and 
lower  portions  of  the  autoclave  which  are  separated 
by  a  baffle.  The  design  of  this  baffle,  which  has 
about  a  twenty  per  cent  open  area,  does  not  signif¬ 
icantly  affect  the  growth  rate.  The  top  tempera¬ 
ture  has  been  held  at  348  -  350  degrees  centigrade 
with  the  bottom  temperature  being  varied  to  change 
the  gradient.  It  must  be  emphasized  that  the 
gradients  shown  in  Figure  8  are  specific  for  our 
autoclaves  and  are  only  relative  values  related  to 
our  thermocouple  placement  and  heat  losses  inherent 
in  our  systems.  It  is  estimated  that  the  lower 
temperature  (the  nutrient  area)  is  reading  about 
10  degrees  too  low  because  of  its  position  in  the 
autoclave.  There  is  considerable  scatter  in  the 
points  but  It  Is  evident  that  the  rate  vs.  gradient 
is  quite  close  for  the  unlined  and  platinum  lined 
runs  but  that  the  gradient  must  be  higher  for  the 
silver  liners  because  of  the  high  thermal  conduc¬ 
tivity  of  that  material. 

The  purity  has  been  evaluated  as  a  function 
of  the  type  of  liner  used.  Unllned  runs  are  also 
compared  (Figure  9).  The  iron  and  carbon  results 
shown  on  the  slide  are  not  correct  since  these 
elements  are  the  result  of  contamination  during 
preparation  for  the  analysis.  Later  analyses 
using  a  different  preparation  Indicate  the  iron 
content  to  be  in  the  one  PPMA  range  in  lined  runs. 
The  best  results  here,  in  terms  of  aluminum  which 
is  the  chief  consideration,  indicate  that  the 
purest  material  is  produced  In  sliver  liners  with 
hydroxide  mineralizer.  The  results  for  platinum 
liners  are  based  on  a  single  analysis  and  could  be 
too  high.  The  use  of  a  sliver  liner  with  carbonate 
results  In  higher  values  for  both  silver  and 
aluminum,  with  some  Indication  of  platinum  contami¬ 
nation  with  the  carbonate  in  a  platinum  liner. 


These  results  indicate  that  the  silver  liner  Is 
most  effective.  We  are  still  performing  runs  in 
platinum  as  well  as  silver  liners  however,  to  get 
more  data  on  platinum.  Subsequent  results  also 
show  the  alkali  metal  impurities  to  be  too  high  in 
the  early  results  shown  here. 

Several  runs  were  performed  using  high  purity 
glass  as  well  as  the  sand  used  for  the  preparation 
of  the  glass.  Both  of  these  materials  are  about 
as  pure  as  the  cultured  quartz  used  as  our  standard 
starting  material.  All  of  these  runs  resulted  in 
very  slow  growth  and  poor  crystals  which  we  believe 
was  due  to  the  much  higher  solubility  of  these 
silicas  in  the  solution.  This  could  result  in  a 
more  viscous  solution  which  could  inhibit  the 
transfer  of  the  silica  from  the  nutrient  to  the 
crystal.  An  attempt  was  made  to  reduce  this  effect 
by  using  0.1  N  sodium  hydroxide  in  place  of  the  0.5 
sodium  hydroxide  usually  employed.  This  resulted 
in  increased  growth  and  a  fairly  well  formed  crys¬ 
tal.  X-ray  topographs  of  the  crystal  indicated 
however,  that  the  strain  pattern  was  different  than 
normally  grown  crystals  (Figure  10).  Unlike  the 
usual  strain  lines,  which  tend  to  propagate  through 
the  Z  growth  area  at  angles  to  the  Z  axis  (Figure 
11),  the  line  in  this  sample  all  appear  parallel 
to  the  Z  axis.  The  crystal  is  more  strained  than 
usual  also.  It  seems  possible  that  the  growth 
mechanism  had  been  altered  from  a  screw  dislocation 
type  to  a  stepwise  type  growth.  SEM  pictures  of 
the  grown  Z  face  also  were  different.  The  bottom 
picture  on  Figure  12  is  an  SEM  of  a  normal  crystal 
while  the  top  picture  is  that  of  the  sand  nutrient 
crystal.  Again  one  could  assume  step  growth  as 
the  mechanism.  The  possibility  of  producing  a 
purer  crystal  by  this  mechanism  was  shattered  by 
the  purity  analysis  of  the  material  (Figure  13). 
Both  the  EPR  and  atomic  absorption  showed  a  massive 
aluminum  purity.  The  source  of  the  contamination 
must  be  from  the  autoclave  walls  or  the  holder 
materials  used  for  the  seed.  Perhaps  the  increased 
impurity  contamination  with  slow  growth  rates 
reported  in  literature  (Ref.  1)  may  be  attributed 
to  some  step  growth  at  low  growth  rates.  SEM 
photos  of  the  X  surfaces  (Figure  14)  show  a  type 
of  sheet  formation  also.  Since  this  growth  area 
is  also  higher  in  aluminum  than  the  Z  area  it 
Indicates  that  the  screw  dislocation  mechanism  is 
desirable  for  the  growth  of  pure  quartz. 

The  true  test  of  impurity  effects  on  a 
resonator  or  oscillator  is  the  evaluation  of  the 
device  itself.  Until  we  have  a  thorough  evalua¬ 
tion,  no  attempt  will  be  made  to  further  lower 
the  impurity  content.  Ten  roegaherz  resonators  of 
this  material  are  being  fabricated. 

The  scaling  up  of  the  one  inch  autoclave 
runs  to  three  inch  was  easily  accomplished. 

Figure  15  shows  a  seven  inch  crystal  grown  at  a 
fast  rate  with  no  liner.  We  have  produced  crystals 
in  lined  runs  also  which  are  being  fabricated  in 
resonators. 

Since  we  have  accomplished  an  improvement  in 
purity  and  have  demonstrated  that  we  can  produce 
large  crystals,  we  are  attempting  to  reduce  the 
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dislocation  density  of  the  crystals,  primarily  by 
the  use  of  good  seeds  or  altering  available  seeds 
as  shown  in  Figure  16.  At  present  we  are  testing 
X  growth  seeds  and  seeds  swept  in  air  and  vacuum. 
We  hope  to  test  the  other  type  seeds  in  the  next 
few  months. 
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Figure  3  Operating  Programs  active  during  Run 
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Figure  4  Input  Program  for  Run  Initiation 


Figure  7  Actual  Run  Profile 
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Figure  13 

Aluminum  Content  of  Crystal  Crown  from  Sand 
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Figure  12 

Scanning  Fleet  romic  roscope  View  of  7.  Surfaces  (Top-Sand 
Crown  Crystal) 


Figure  14  SEM  photograph  of  X  Surface  of  Crystal 


Figure  15  Crystal  Grown  in  Three  Inch  Autoclave 
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Figure  16  Possible  Seed  Variations  to  Reduce  Dislocation  Density 
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ABSTRACT 

Fairly  large  transparent  crystals  were  grown 
hydrothermal ly  in  NaCl,  KC1  solutions  and  pure 
water.  The  effects  of  low  temperature  (  78°K)  in 
infrared  absorption  were  studied  by  illuminating 
the  samples  with  polarized  light  with  the  electric 
vectors  parallel  (E//C)  and  perpendicular  (EJ.C)  to 
the  C-axis  and  the  effects  of  radiation  were  studi¬ 
ed  exposing  the  samples  to  the  neutron  flux  in  a 
100KW  nuclear  reactor.  We  also  performed  nonde¬ 
structive  analysis  of  the  A1  and  Na  impurity  con¬ 
tents  by  neutron  activation  and  y-ray  spectrometry. 
Absorption  bands  due  to  the  A1 -OH'defect  centers 
were  observed  at  3364  and  3304  cm'1  in  the  samples 
of  "as  grown"  crystals  grown  in  both  NaCl  and  KC1 
solution  and  pure  water.  The  crystals  grown  in  the 
NaCl  solution  did  not  exhibit  the  absorption  bands 
at  3580,  3395,  and  3345  cm-1  which  are  generally 
exhibited  by  crystals  grown  in  an  alkaline  solution. 
In  this  respect,  the  profiles  of  absorption  spectra 
of  crystals  grown  in  an  NaCl  solution  are  very  sim¬ 
ilar  to  those  of  high  quality  natural  quartz 
crystals. 

INTRODUCTION 

Alkaline  solutions,  such  as  NaOH  or  Na2C03, 
are  presently  used  as  the  mineralizer  for  growing 
commercially  available  synthetic  quartz  crystals 
for  both  electronic  devices  (e.g.,  high  precision 
oscillators,  filters,  etc.)  and  optical  purposes. 
However,  the  chemical  composition  of  fluid  inclu¬ 
sion  in  natural  quartz  shows  that  the  mineralizer 
usually  consists  of  Na+,  K+,  Cl',  and  HCO,'  ions, 
etc.  Therefore,  natural  quartz  is  grown  hydrother- 
mally  in  a  solution  containing  such  ions. 

The  4000  to  3000  cm-1  infrared  absorption  and 
morphology  of  synthetic  and  natural  quartz  crystals 
show  remarkable  differences.  These  differences  are 
caused  by  the  different  growing  conditions  such  as 
the  mineralizer  (solution),  pressure,  temperature, 
and  so  forth. 

Recently,  Hosaka  and  Taki  have  grown  crystals 
in  NaCl,  KC 1  solutions  and  pure  water'-3). 

Meanwhile,  many  researchers  have  investigated 
the  infrared  absorption  of  quartz  crystal  in  the 
3pm  region.  Lipson  et  al.7)  has  shown  that,  at  low 
temperature  infrared  absorption,  high  grade  quartz 
exhibits  four  principal  band  peaks  and  that  addi¬ 
tional  bands  (3305  and  3366  cm'1)  can  be  induced  by 
subsequent  electrodiffusion  of  the  samples  along 
the  C-axis.  Recently,  Halliburton^)  and  Sibley  et 
al°)  systematically  investigated  the  radiation 


effect  on  various  quartz  crystals  by  low  tempera¬ 
ture  infrared  absorption  in  connection  with  experi¬ 
ments  on  electron  spin  resonance  (ESR)  and  proved 
that  the  absorption  bands  at  3307  and  3367  cm'1 
induced  by  electrodiffusion  and  x-ray,  y-ray,  and 
electron  irradiation  are  caused  by  the  forming  of 
A1-0H"  centers.  Halliburton  et  al.also  showed  that 
the  defect  configuration  of  substitutional  aluminum 
can  be  represented  by  three  models,  e.g.  A1-0H", 
Al-K+  (M:  Alkaline  ions),  and  [A1  e+]°  (hole  trapp¬ 
ed  center),  as  charge  compensated  centers. 

However,  the  bands  at  3580,  3440,  3400,  and 
3348  cm'1  are  due  to  OH  vibrations  that  have  not 
yet  been  identified. 

Therefore,  investigation  of  the  point  defects 
in  quartz  crystal  by  using  samples  grown  in  NaCl, 
KC1  solution  and  pure  water  is  very  useful. 

This  paper  reports  on  studies  on  the  3pm 
region  spectra  of  transparent  crystals  grown  in 
NaCl,  KC1 ,  and  H20.  To  compare  the  differences  in 
the  infrared  absorption,  synthetic  crystals  were 
hydrothermal ly  grown  in  NaCl,  KC1 ,  H20  and  in  an 
alkaline  solution  (Na2C03,  K2C0j,  Na 2CO3-O2O  solu¬ 
tion). 

This  report  also  describes  nondestructive  and 
reliable  analytical  methods  for  impurity  aluminum 
and  sodium.  The  quantitative  impurity  of  aluminum 
below  Ipg  can  be  detected  by  exposing  the  crystals 
to  thermal  neutrons.  The  radiation  effect  of  the 
above  samples  was  studied  by  low  temperature  infra¬ 
red  absorption. 

EXPERIMENTS 

1 .  Method  of  growing  crystals 

Quartz  crystals  were  hydrothermal ly  grown  in 
NaCl-Si02-H20,  KCl-Si02-H20,  KzCOs-Sith-HaO,  SiO,- 
H?0,  Na2C03-Si02-D20,  and  Na2C03-Si02-H20  systems 
in  platinum  or  gold  capsules  placed  in  autoclaves 
of  various  sizes.  The  seeds  used  were  X-cut  (11?0), 
R-cut  (10T1),  r-cut  ( 01 Tl ) ,  AT-cut,  and  Y-bar. 

Three  types  of  nutrients,  transparent  Brazilian 
natural  quartz  crystals,  synthetic  quartz  crystals 
and  high  purity  synthetic  fused  silica  glass  were 
used.  In  particular,  the  fused  silica  glass  was 
used  to  grow  purer  crystals  to  prevent  contamina¬ 
tion  from  the  nutrient.  Table  1  shows  the  analyt¬ 
ical  data  for  synthetic  fused  silica.  The  fused 
silica  was  transformed  to  a-quartz  by  hydrothermal 
treatment  before  being  used  as  a  nutrient.  The 
solucions  employed  to  grow  the  quartz  crystals  were 
lOwU  NaCl  and  KC1  solution  or  IN  NarCOs  and  K2C0) 
solutions.  In  case  of  the  Na2COi-Si02-D20  system, 
D20  purity  of  99.8wt%  was  used.  The  capsule  was 
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filled  with  the  desired  solution  to  70"  of  its  free 
volume  and  placed  in  an  autoclave.  The  growth  tem¬ 
perature  was  varied  from  350"C  to  bOO'5C.  The  tem¬ 
perature  gradient  between  the  growth  and  dissolving 
regions  was  chosen  within  lO^C  to  bO^C.  The  baffle 
was  opened  30'.  in  all  the  experiments.  The  temper¬ 
atures  were  measured  and  controlled  with  chromel- 
ilumel  thermocouples  attached  to  the  outside  of  the 
autoclaves.  The  growth  period  for  the  alkaline 
solutions  was  from  several  days  to  two  weeks.  How¬ 
ever,  because  of  the  slower  growth  rates,  2  to  3 
months  was  required  for  the  NaCl  ,  KC1  solutions  and 
pure  water. 


Impuri ty 
Contents  (ppb) 


Co  Cr  fe  Na  Zn 
*  <0.01  ]<0. 05  <10.0  [<0.35  [<0.01 


*  Determined  by  neutron  activation  analysis. 

2 .  Infrared  absorption 

Lew  temperature  (near  78"K)  infrared  data  were 
obtained  by  a  metal  Oewer  with  CaF;  windows  as  the 
light  path.  All  measurements  were  made  after  tem¬ 
perature  equilibrium  with  liquid  nitrogen.  Polar¬ 
ized  infrared  light  was  observed  with  an  AgCl  po¬ 
larizer  having  an  efficiency  of  951.  The  polarizer 
was  placed  in  front  of  the  thermocouple  detector. 
Polarized  dichromism  was  detected  by  the  electric 
vector  (E)  of  the  polarized  light  parallel  (E//C) 
or  perpendicular  (E1C)  to  the  C(Z)-axis.  A  Japan 
Spectroscopic  Co.,  Ltd.  Model  DS- 701 G  grating 
infrared  spectrophotometer  with  300  lines/mm  grat¬ 
ing  from  4000  to  2300  cm"1  was  used  for  all  infra¬ 
red  absorption  measurements.  Purging  of  the  spec¬ 
trometer  with  very  dry  air  was  essential  to  reduce 
the  noise  pattern  caused  by  the  water  vapor  in  the 
light  path.  Dry  air  having  a  dew  point  below  -73°C 
at  1  atm  was  produced  with  a  General  Cable  Corp. 
Pure-Gas  Heatless  Dryer.  When  2.0  to  3.0  mm  dia¬ 
meter  metal  windows  were  attached  to  some  samples, 
the  resolution  of  the  spectrophotometer  dropped  to 
<;  cm*1  at  wavenumber  3400  cm"1.  Generally,  a  6.5 
mm  diameter  metal  window  provided  a  resolution 
within  2.5  cm"1  at  wavenumber  3400  cm*1. 

This  infrared  spectroscopy  allowed  calibration 
of  the  discrete  absorption  bands  of  the  quartz 
crystal  by  wavenumber.  Table  2  is  a  list  of  the 
bands  proposed  by  some  authors  and  the  results  of 
our  calibration  at  78°K  spectra. 

Table  2 


Lipson 
et  al^l 


Our 

Halli-  Brown  cal i -  Remarks 
burton  et  al.-’l  bration  (Polari- 
et  al?)  ( 1 2 ° K )  ( 78°K)  zation) 


3581  (S4)  3581 
3438  f S3)  3437 
33%  { S2 )  3400 
3348  (SI )  3348 


3348  (SI )  3348  3350  3345 

3366  (e? )  3367  3367  3364 

3305  (el)  3306  3306  3304 


3395  (EiC)  =  (E//C) 


3.  Neutron  irradiation  and  activation  analysis 
The  impurity  aluminum  and  sodium  in  quartz 


crystals  were  nondestructive^  analyzed  by  neutron 
activation  and  y-ray  spectrometry. 

Neutron  irradiation  was  performed  with  the 
lOOkW  nuclear  reactor  (TRIGA-Mark  II)  at  the  Atomic 
Research  Center  of  Rikkyo  University,  Vokosuka. 

The  samples  were  exposed  to  neutron  flux  in  T.C. 
(Thermal  Column)  for  impurity  A1  analysis  and  sub¬ 
sequently  irradiated  in  R.S.R.  (Rotary  Specimen 
Rack)  for  Na  analysis. 

The  flux  of  the  thermal  and  fast  neutrons  in 
the  T.C.  and  R.S.R.  are  as  follows: 


Thermal  j 

Column  ! 

Rotary 

Specimen  Rack 

Flux  of  thermal 
neutron 

3.0  x  10* 0 

4  5  x  10’ 

Flux  of  fast 
neutron 

1  x  108 

6.5  x  1 0 1 0 

Cd  ratio 

.  30 

3.5 

y-ray  dose 

2.2  x  10"  r/hr 

1.4  x  10l  r/hr 

y-ray  spectrometry  was  performed  with  a  Ge  (Li) 
scintillator  with  multichannel  pulse  height  analyz¬ 
er  (Canberra  Model  8100). 

(A)  Analysis  of  aluminum 

Radioactive  ‘SA1  was  produced  *hrough  the  re¬ 
action  with  thermal  neutrons, 

27A1  (n,  y)  28A1 

The  half  life  and  y-ray  enerqy  of  2"A1  are  2.31 
minutes  and  1.776  MeV,  respectively. 

In  the  past,  quantitative  analysis  of  A1  in 
excessive  Si  was  considered  to  be  extremely 
difficult  because  of  the  transmutation  reaction 
of  Si  to  A1  caused  by  the  coexistence  of  fast 
neutrons , 

2  8Si  (n,  p)  2  eAl 

However,  irradiation  in  a  thermal  column  made 
detection  of  less  than  lpg  of  A1  in  pure  lg 
SiOj  possible  by  limiting  the  transmutation  re¬ 
action  from  the  Si.  Five  nrnutes  of  irradia¬ 
tion  provided  enough  activity  to  analyze  the  A1 
content . 

(B)  Analysis  of  sodium 

Quantitative  analysis  of  the  Na  content  was 
easier  than  that  of  A1  because  the  transmuta¬ 
tion  reaction  from  ‘"'Mg  and  27A1  shown  below 
could  be  ignored. 

24Mg  (n,  p)  21*Na 
27A1  (n,  a)  2 4Na 

The  half  life  and  y-ray  energy  of  24Na  are  15 
hours  and  1.36  MeV  and  2.75  MeV,  respectively. 
One  hour  of  irradiation  in  an  R.S.R.  was  enough 
to  obtain  sufficient  activity  for  analysis  of 
Na  below  3pg.  However,  annealing  for  two  hours 
is  necessary  to  reduce  the  activity  from 
Bremsstrahl ung  and  other  radioactive  nuclei 
having  a  shorter  life.  The  samples  available 
after  impurity  analysis  were  used  to  measure 
the  infrared  absorption  to  detect  the  radiation 
effect. 
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Resul ts 

1 .  Growth  of  crystals 

Results  of  crystal  growth  in  dependence  of 
each  solution,  growth  temperature  and  growth  rate 
are  summerlized  in  Table  3(a).  Table  3(b)  lists 
the  impurity  A1  and  Na  contents  of  some  crystals 
obtained  by  neutron  ac’ivation  analysis.  Detaited 
results  and  discussion  about  crystal  growth  have 
been  described  in  Referencesl  -  3. 

Transparent  crystals  grown  in  NaCI  by  using  X- 
cut  and  2-cut  seed  are  shown  in  fig.  1. 

Gtriations,  which  corresponded  to  those  of 
natural  quartz  were  seen  on  the  prism  faces,  where¬ 
as  rectangular  or  hexagonal  growth  pyramids  were 
generally  observed  on  the  surface  of  quartz  crys¬ 
tals  grown  in  alkaline  solutions. 

In  case  of  KC1  solution  growth,  growth  condi¬ 
tions  and  these  effect  were  nearly  identical  to  the 
result  of  NaCI  growth. 

Solubility  in  pure  water  is  extremely  low; 

1. e.,  0.1-0.3wt  ,  and  is  from  one  tenth  to  one 
hundredth  of  the  solubility  in  alkaline  solutions, 
such  as  NaOH  or  Na.CO..  We  succeeded  in  growing 
large  crystals  in  pure  water  havinq  such  low  solu¬ 
bility,  but  the  growth  rates  obtained  were  very 
slow. 

For  example,  the  growth  rate  for  1  and  X  faces 
were  0.01,  0.001,  respectively,  under  the  condi¬ 
tions  of  a  growth  temperature  425"C  and  a  dissolv¬ 
ing  temperature  450CC.  These  were  from  one  tenth 
to  one  hundredth  of  the  growth  rates  of  quart2 
crystals  grown  in  alkaline  solutions,  fig.  2  shows 
quartz  crystal  grown  on  Y-bar  (lower  part)  and  X- 
cut  (upper  part)  seeds. 

2.  Infrared  absorption 

Crystals  grown  i n  NaCI  sol u ti on 

figure  3  shows  the  polarized  infrared  absorp¬ 
tion  spectra  of  crystals  grown  in  an  NaCI  solution. 
Two  absorption  bands  of  3364  and  3304  cm'1  caused 
by  A1-0H  centers  were  clearly  observed  in  "as 
grown"  crystals.  The  concentration  of  0H‘  was 
determined  with  the  equation  presented  by  Kats^), 
and  than  applied  by  Sibley  and  Halliburton,  for 
example, 

NH  =  2.16  x  10“  H.  am 

Where  OH'  concentration  NH  (defects/cm1),  half  band 
width  H,  and  maximum  absorption  coefficient  am 
(cm'1)  are  substituted  from  the  absorption  bands. 
The  concentration  of  OH'  was  calculated  to  about 
7ppm  from  Table  4 . 


Table  4 

A 1 -OH '  band 

H 

atm 

3364  cm'1 

8.5 

0.97 

3304  cm'1 

7.5 

0.31 

A  remarkably  intense  absorption  (ex-  0.7)  having  a 
7  to  8  cm-1  half  band  width  was  found  at  3345  cm'1. 
The  dotted  line  in  Figure  4  shows  the  absorption 
spectra  after  irradiation  of  crystals.  The  A1-0H' 
concentration  increased  about  50%  and  the  absorp¬ 
tion  intensity  decreased  to  about  one-third  at  the 
3450  cm'1  band.  Table  5  lists  the  principal 
absorption  bands  changed  by  irradiation. 


Table  5 


Wavenumber 

Before  irradiation 
(  ‘  cm'1) 

After  irradiatio 
(x  cm'1) 

3450 

0.76 

0.25 

3430 

0.20 

0.25 

3364 

0.97 

1.41 

3304 

0.31 

0.56 

Furthermore,  the  superimposed  background  absorption 
decreased  remarkably  after  irradiation. 

Crystals  grown  in  KC1  solution  (  figure  g  ) 

K  discrete  absorption  band  was  observed  at 
3364  cm'1  in  crystals  grown  in  a  KC1  solution. 
However,  another  band  at  3304  cm'1  could  not  be 
clearly  distinguished  because  of  the  superimposed 
background  absorption.  The  striking  change  of  the 
absorption  profiles  taken  at  various  temperatures 
(  300"K  to  78°K)  is  noteworthy.  This  tendency  is 
also  evident  in  the  purer  crystals  grown  in  H;0  in 
figure  9. 

Crystals  grown  in  H,0 

Figure  6  shows  the  polarized  infrared  absorp¬ 
tion  spectra  of  crystals  grown  in  pure  water. 

Strong  discrete  absorption  bands  were  observed  at 
3364  and  3304  cm'1  from  both  crystals  grown  in  H^O 
and  those  in  NaC)  and  KC1  solutions.  Additional 
bands  at  3580  (EEC),  3435  (EEC),  3390  (EEC,  E//C), 
and  3345  (E//C)  commonly  found  in  the  spectra  of 
crystals  grown  in  an  alkaline  solution  were  also 
found  in  these  crystals. 

However,  the  most  distinguishing  feature  of 
crystals  grown  in  pure  water  was  their  almost  iden¬ 
tical  spectra  before  and  after  irradiation  as  shown 
in  Figure  7.  Table  6  shows  the  changes  of  the 
extinction  coefficient  in  each  band  before  and 
after  irradiation. 


Table  6 


Wavenumber 

Before  irradiation 
(a  cm' ‘) 

After  irradiation 
[a  cm' 1 ) 

3580 

0.76 

0.83 

3435 

1.13 

1.01 

3390 

0.71 

0.41 

3364 

1  .84 

2.38 

3304 

0.69 

0.64 

The  absorption  intensity  changes  at  3364  and  3304 
cm'1  were  much  smaller  than  those  of  crystals  grown 
on  alkaline  or  NaCI,  KC1  solutions.  We  also  grew 
purer  crystals  in  water  by  using  synthetic  fused 
silica  as  the  nutrient.  Figure  8  shows  the  polar¬ 
ized  infrared  absorption  of  the  purer  crystals. 
These  crystals  exhibited  an  intense  superimposed 
background  absorption  at  the  3364  and  weaker  3304 
cm'1  bands.  The  calculated  OH'  concentration  for 
the  3364  and  3304  cm'1  bands  was  about  one  seventh 
that  of  the  crystals  shown  in  Figure  6.  The  super¬ 
imposed  absorption  was  sensitive  to  temperature 
changes,  the  same  as  crystals  grown  in  KC1  solu¬ 
tion,  as  shown  in  Figure  9. 

Crystals  grown  in  NazCOa-SiOz-DzO 

Figure  10  shows  the  4f)00  to  2200  cm'1  polar- 
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i zed  infrared  absorption  of  crystals  grown  in 
Na.'CCb  with  020  as  the  solvent. 


As  can  be  seen  from  Figure  10,  neither  dis¬ 
crete  bands  due  to  OH'  vibrations  nor  superimposed 
absorption  due  to  clusters  of  impurities  are  ob¬ 
served  in  the  4000  to  3000  cm'1  range.  Therefore, 
the  intensity  of  the  absorption  in  the  3pm  region 
can  be  estimated  from  the  intrinsic  absorption  from 
the  Si-0  lattice  vibration.  Table  7  compares  the 
absorption  at  typical  wavenumbers  of  these  crystals 
and  very  high  grade  synthetic  quartz  having  a  Q  of 


over  3  million. 

Table  7 

Wave- 

020 

Very  high  grade  synthetic 

number 

quartz 

grown  in  an  NaOH  solution 

3585 

0.0055 

0.026 

3390 

0.082 

0.084 

3290 

0.14 

0.15 

3190 

0.13 

0.14 

Figure  11  shows  the  effects  of  radiation  on 
crystals  grown  in  Na2C03-D20.  Neither  enhanced 
absorption  in  the  4um  region  nor  radiation  induced 
absorption  at  3364  and  3304  cm'1  were  observed  in 
these  spectra  after  irradiation.  Table  8  lists  the 
wavenumbers  of  typical  absorption  due  to  00-  vibra¬ 
tion  and  corresponding  OH-  vibration. 


Table  8 


00 

OH _ 

•0H/v0D 

2645 

3580 

1.353 

2550 

3430 

1 .345 

2525 

3395 

1  .345 

2495 

3345 

1  .341 

Purer  quartz  crystals  grown  in 
Na.  CO  ;-SiO;  -H;-0  and  K?COi-STo7-H;Q 
Figure  17  ancT13  show  the  polarized  infrared 
absorption  of  crystals  grown  in  Na2C03  and  KjCOj, 
respectively.  The  four  absorption  bands,  3680, 
34j5,  3396,  and  3346  cm*1,  generally  exhibited  by 
crystals  grown  in  an  alkaline  solution  were  also 
observed  in  these  crystals.  However,  additional 
smaller  bands  were  also  found  at  3640  and  3465  cm'1. 

DISCUSSION 

1.  Since  some  of  the  potential  confi gurations  of 
the  charge  compensators  for  point  defects  of  sub¬ 
stitutional  A1  in  crystals  grown  in  an  NaCl  solu¬ 
tion  may  be  only  A1-0H'  and  Al-Na+  centers,  the 
absorption  band  at  3450  cm'1  may  be  closely  related 
to  Al-Na+  defects.  Radiation,  which  serves  to  re¬ 
move  Na+  from  the  vinicity  of  the  Al-site,  reduced 
the  absorption  at  3450  cm'1  and  enhanced  the  ab¬ 
sorption  caused  by  A1-0H'  centers. 

2.  Trio  three  absorption  bands  at  3580,  3395,  and 
3345  cm'1  commonly  observed  in  crystals  grown  in  an 
alkaline  solution  were  not  detected  in  the  crystals 
grown  in  NaCl .  However,  the  "as  grown"  crystals 
did  exhibit  absorption  bands  at  3364  and  3304  cm'1. 
In  this  respect,  the  profile  of  absorption  spec¬ 
tra  of  "as  grown"  crystals  grown  in  NaCl  is  very 
similar  to  that  of  high  quality  natural  quartz  as 


shown  in  Figure  14.  However,  as  shown  in  Figure  15, 
crystals  grown  in  a  coexistence  solution  with  Na+ 
and  K+ ,  for  example,  NaCl -KC1 -LiCl -H?0  systems,  did 
not  exhibit  the  remarkable  features  of  the  crystals 
grown  in  an  NaCl  solution. 

3.  The  3364  and  3304  cm'1  absorption  bands  of 
crystals  grown  in  pure  water  showed  a  strong  resist¬ 
ance  against  irradiation.  This  probably  due  to  the 
fact  that  all  the  substitutional  aluminum  was  form¬ 
ed  as  Al-0H_defect  centers  because  there  were  no 
alkaline  ions  near  the  Al-site.  However,  these 
crystals  did  exhibit  absorption  bands  at  3580, 

3435,  3395,  and  3345  cm'1.  Therefore,  these  four 
bands  may  not  be  related  to  the  A1-M+(M:  alkaline 
ion)  centers.  The  four  identical  absorption  bands 
found  when  the  interstitial  alkaline  ions  were 
changed  from  Na+  to  K+  also  support  this  assumption. 

4.  Table  9  lists  the  dichroic  factors  (dichroic 
factors  are  defined  as  E1C  /  E  //C)empirical  ly  con¬ 
firmed  at  each  band.  The  dichroic  factors  listed 
below  were  found  in  K2C03-Si02-H20  systems. 


Table  9 


Wave- 

number 

(a  c 
ETC 

:m"‘) 

E//C 

E1C  /  E//C 

Normal  dich 
factor 

3580 

1.78 

0.81 

2.2 

>10 

3435 

1  .91 

1 .30 

1.5 

:■  5 

3395 

0.95 

1.78 

0.5 

-  1 

The  absorption  bands  of  a  crystal  grown  in  K2C03 
solution  exhibit  a  relatively  strong  extinction 
coefficient  and  irregular  dichroic  factor  as  shown 
in  Figure  15.  A  higher  concentration  of  impurities 
may  cause  action  in  both  EJ.C  and  E //C  absorption  at 
3580,  3435,  and  3395  cm*1,  but  the  absorption  at 
3364  and  3304  cm'1  did  not  show  any  irregular 
dichroic  factor. 


CONCLUSION 


1.  Flawless  transparent  quartz  crystals  were  grown 
by  the  hydrothermal  gradient  method  in  the  follow¬ 
ing  systems: 

1)  NaCl-Si02-H20,  KC1 -Si 0? -H2 0 

2)  Si02-H20 

3)  Na2C0.i-Si0?-D20,  Na2C03-Si02-H20, 

K2C03-Si02-H20  by  using 

pure  synthetic  fused  silica  as  a  nutrient. 

2.  "As  grown"  crystals  grown  in  NaCl,  KC1  solu¬ 
tion,  and  pure  water  exhibited  absorption  bands  at 
3364  and  3304  cm'1  due  to  A1-0H'  centers.  A  crys¬ 
tal  grown  in  NaCl  shows  an  exceptional  absorption 
spectra  similar  to  that  of  high  grade  natural 
quartz  at  3580,  3395,  and  3345  cm'1.  However,  it 
does  not  exhibit  the  3580,  3395,  and  3345  cm”1  ab¬ 
sorption  bands  commonly  found  in  crystals  grown  in 
an  alkaline  solution  (i.e.,  NaOH,  Na2C03,  K2C03), 

KC 1 ,  and  pure  water. 

More  detailed  investigations  on  the  exceptional 
absorption  spectral  of  crystals  grown  in  NaCl  solu¬ 
tion  are  required.  The  reason  why  crystals  grown 
in,  for  example,  NaCl/KCl=85/15  solution  do  not 
exhibit  this  remarkable  infrared  absorption  while 
natural  crystals  that  grow  in  a  similar  coexistence 
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ions  solution  ( Na+  and  K+)  do  and  what  types  of 
potential  chemical  species  exist  in  the  NaCl-SiO?- 

H. O  system  are  also  subjects  for  further  study. 

3.  The  four  absorption  bands  at  3580,  3434,  3395, 
and  3345  cm'1  normally  observed  in  crystals  grown 
in  an  alkaline  solution  may  not  be  related  to  Al-M+ 
(M:  alkaline  ion)  centers,  but  may  be  caused  by 
interstitial  H?0  or  its  derivatives. 
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Run 

Solvent 

Nutrient 

Growth 
temp . 

rci 

T emD  . 
qrad 1 ent 

days 

Growth  rate(  10 
*  Z  R 

mm /day*  ) 

r  Remarks 

ra 

A  -  7 

NaCl 

Na  t  ura 1 

400 

25 

8 

1.3 

37  .  5 

0.97 

0.10 

Growth  on  R,  r  faces 

qua  r  t  / 

and  V - 5a r  seed 

A- 6 

NaCl 

Na  tura 1 
quartz 

420 

25 

8 

2.6 

50.0 

1  .60 

0.20 

Some  crevice  flawing  In 
Z  sector. 

A  -  5 

NaCl 

Natural 

quartz 

440 

25 

8 

5.0 

92.0 

2.90 

0.60 

C  -  25 

Nad 

Na  t  ura  1 

4  SO 

25 

1  1  1 

Growth  on  AT  cut  seed 

quartz 

(0.01  mm/dav) 

T  ransparent 

G-3 

NaCl 

Natural 

450 

25 

20 

38.8 

Growth  on  X  cut  seed 

quar tz 

T  ransparent 

0-31 

KCl 

Natural 

400 

?s 

6 

0.5 

34.0 

1  .02 

0.16  1 

Growth  on  R .  r  faces 

quartz 

and  Y-bar  seed. 

0-32 

KCl 

Natural 

quartz 

420 

25 

6 

0.8 

64.0 

1  .  70 

0.27  J 

Some  crevice  flawing  In 
Z  sector. 

D-  30 

KC1 

Natural 

quartz 

440 

25 

5 

3.2 

115.0 

2.76 

0.59  j 

B-6 

KCl 

Natural 
qua  r tz 

400 

25 

24 

6.5 

69.0 

Growth  on  Y-bar  seed 

I-  10 

H.O 

High  purity 

490 

25 

100 

7.4 

1 

fused  silica 

>  Growth  on  Y-bar  seed. 

1-30 

H?0 

Synthetic 
quar tz 

465 

25 

109 

0.8 

6.5 

J 

20 

*ZC03 

Synthetic 

330 

40 

14 

12.7 

99.0 

T  ransparent 

qua  r tz 

14 

*ZC03 

High  purity 

350 

10 

7 

19.0 

76.0 

| 

fused  silica 

\  Growth  on  Y-bar  seed. 

1? 

k2co3 

High  purity 

350 

10 

12 

32.0 

54.0 

f  Transparent 

fused  silica 

3 

"*ZC03 

High  purity 

350 

10 

10 

40.0 

60.0 

High  purity  quartz 

fused  silica 

crystal . 

In  G-3,  B-6,  C-25,  and  1-30,  crystals  were  grown  In  a  platinum  capsul e( V- 1 00  mljplaced  In  a  autoclave( V« 1 57  ml). 
In  other  runs,  crystals  were  qrown  fn  a  platinum  capsu 1 e( V« I  8 . 73  ml)  placed  In  a  autoclave(V«28.23  ml)  or 
a  gold  capsul  e(  V"  I  2  .  7  ml)  placed  In  a  autoclave(V-31 . 9  ml). 


Table  3(b) 


Impurity  aluminum  and  sodium  contents 
obtained  by  neutron  activation  analysis. 


Samp  I e 

( Nun ) 

Concentrat  1  on 
of  Al( ppm) 

Concentration 
of  Na(ppm) 

NaCl  soln. 

(G-3) 

163 

216 

KCl  soln. 

(B-6) 

* 

H?0  soln. 

d-30) 

SO. 7 

0.67 

0^0  soln. 

(No. 13) 

14.5 

80.3 

Na^COj  soln. 
K-CO ,  soln. 

(No. 3) 

2.07 

(1)  norma l ( No . 20) 

- 

(2)  purer 

(No. 14) 

6.63 

1  .25 
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Fig 


(a) 


(b) 


Crystals  grown  in  NaCI  solution, 
x-cut  Seed,  crystal  (b)  IS  grown 
atlons  perpendicular  to  /*a«is  a 
face  In  similar  to  those  of  natu 


Crystal  (a?  is  grown  on 
on  i-cut  seed.  The  Strl- 
re  observed  on  a  prism 
ral  quart/. 


*T 


•'i* 


wvwm»  ■  -r 

Fir,  ;  E.c  (Solid  line)  and  l  f/i  (Dotted  line)  absorption  spectra 
of  crystal  grown  m  had  solution  at  78  k  Intense  ab¬ 
sorption  at  3364  and  3304  cm*l  are  exhibited  from  "as 
grown'  crystal. 


F  iq 


S 


Temperature  dependence  of  absorption  spectra 
grown  in  kCl  solution  at  300  k  (Solid  line) 
(Dotted  line;.  Absorption  band  at  3364  air* 
at  low  temperaturp  infrared 


of  crystals 
and  7fl"k 
is  observed 


fig.  ?.  Crstals  grown  In  pure  water  on  a  platinum  frame,  using  X- 
cut  (upper)  and  Y-bar  (lower)  seed  The  striations  on  a 
prism  face  are  observed. 


Fig.  4.  Radiation  effects  of  crystals  grown  m  NaCl  in  UC  absorp¬ 
tion  spectra  at  78°k  as  comparing  with  before  (Solid  line) 
and  after  (Dotted  line)  neutron  irradiation. 


Fig. 


6. 


£1C  (Solid  line)  and  i  .7 C 
of  crystals  grown  on  pure 
at  3364  and  3304  cm*l  are 
and  additional  four  bands 
are  exhibited  coenonly  by 
tion  are  also  found. 


(Dotted  line)  absorption  spectra 
water  at  -78°k.  Absorption  bands 
observed  from  "as  grown"  crystal 
at  3580,  3395  and  3345  cm-'  which 
crystals  grown  in  alkaline  solu- 
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*rfv 


l 


I 


nxvi <arWk  ;n 


Fig.  8.  cl/  (Solid  line)  and  L  // C.  IDotted  H im? j  absorption  spectra 
purer  crystals  grown  in  pure  water  Absorption  inten¬ 
sity  of  discrete  bands  are  weakened,  however  stronq  super¬ 
imposed  background  is  exhibited. 


Ftf  10.  E  C  (Solid  11m)  «M  C#C  (OottM  11m)  «Mor«t1m  ipoctri 
of  crrtUW  from  1*  M2C03-S 108-010  Ijretm.  Four  prlncl- 
M 1  00-*1br*t1on  MM*  oro  tiMbltM  In  4  m  rtflon. 
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»  -* 


f,q  u  t.c  (solid  lint;  «nd  t  //(  (totted  line)  absorption  spectra 
at  78*fc  of  purer  r?COl)  solution 

~r 


) 


f  '«• 

I  *  (  .'>01  id  line  l  and  l  //»  Dotted  line)  absorption  spectra 
at  78'k  as  <oeparinq  with  nctural  -tuart  /  crystals  and 
*  rysta I s  grown  »n  ba<  I  solution 


«WMfei*  •• 

1^  Infrared  tbaurpt  ion  of  crystal  grown  in 

Kj  fD^  solution  after  nsutron  irradiation. 

Irregular  dichroic  factors  are  eihibtted 

b*  1  men  ElC  (  Solid  lin.  )  .nd  MC  (  Dnlt.d  lua  ) 
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rHK  INFLUENCE  OF  THE  QUALITY  FACTOR  OF  QUARTZ  ON  SOME  DEVICE  PROPERTIES 


*  >  * 
J.C.  Brice  ,  J.  Dowse tt  and  E.D.  Fletcher 


*  Philips  Research  Laboratories,  Redhiil,  Surrey,  England. 

I  Cathodeon  Crystals  Ltd,  Linton,  Cambridge,  England. 

-  now  at  Xtal  do  Brasil,  CEP  20,000,  Rio  de  Janeiro,  Brasil. 

Summary  Experimental 


Plane  parallel  10  MHz  fundamental  mode  bulk 
wave  resonators  were  fabricated  by  identical 
methods  from  10  blocks  of  quartz  with  different 
infra-red  Q*s  such  that  1,3  million  <  Qjg  <  2.6 
million.  It  was  found  that  for  QjR  <  1.8  million, 
the  equivalent  series  resistance  Rj  increased  by  an 
average  of  about  50%.  Measurements  at  power 
levels  between  5  nW  and  1  mW  showed  that  over  the 
Qir  range  1.8  to  1.3  million  the  change  in  Rj  and 
in  frequency  also  doubled  on  average.  Over  the 
entire  range  of  Qir,  the  spread  of  the  temperature 
coefficients  at  25°C  also  increased  at  Q^R  fell. 

1  he  data  presented  give  direct  experimental 
confirmation  to  the  previously  formulated 
hypothesis  that  the  production  of  devices  to  tight: 
tolerances  requires  quartz  with  a  high  QjR. 

Even  devices  with  relatively  low  Q  values  (in 
the  range  10,000  to  50,000)  show  a  dependence  of 
the  dtvut  Q  on  the  intrinsic  material  QJR.  We 
exp  I  tin  this  in  terms  of  the  machining  properties 
•  r  the  quart/  which  It  ad  to  more  badly  damaged 
ii  i  i  «  >  t  -r  material  with  lower  values  of  QjR- 

t  nt r  oduct inn 

Pt  .-V  i  •>»'■.  w».>rk  has  suggested  that  it  is  not 
b-Hirahl*  tv  use  quartz  with  a  low  infra-red  Q 
1  I K i  t».  make  devices.  On  a  statistical  basis  as 
\’jR  tails,  tli»-  crystals  be*  om«  less  pure,  more 
i.  i  *t  1  .<i  .a i  1  .nui  less  homogeneous  .  Bye  and  Cosier" 
iiave  shown  inhomogeneity  increases  the  equivalent 
series  trsi stance  (Rj»  of  the  devices.  Also  as 
Qjg  tall*',  the  resist.inco  to  thermal  (and  presura- 
ah  I  v  me-  hani  i  a  1  >  shock  also  falls'.  This  weaken¬ 
ing  «>i  the  mat  trial  may  well  account  for  the 
■  ibs.  rvt  ii  d«  v  reased  yield  and  possibly  also  drive 
]«  v*-!  dependent  >■ )  J  **c i  s * .  Similarly,  low  QIR 

.  rvitals  have  a  gieatet  spread  ol  lattice  constants 
md  m  average  apprt i  i ah  1 y  different  ones  from 
riigu  *J|R  tryst  a  Is*.  This  must  ailed  the  angle  of 
i of  and  therefore  the  frequency  temperature 
•  bar a>  t e r i st  i  *  s  .  loyo  workers^  have  shown  that 
V | k  I.  >  million  increases  K.  in  overtone  models. 

I  he  present  paper  shows  that  lor  fundamental  mode 
crystals  an  eltect  is  obvious  lor  QjR  **  1.8 
million  and  that  there  are  also  appreciable  effects 
on  the  frequency  temperature  curves. 


The  quartz  for  the  experiments  came  f rnm  5 
crystals  from  three  suppliers.  Each  crystal  was 
cut  in  half  to  remove  the  seed  and  the  infra-red  ^  ^ 
Q  was  determined  by  the  previous  described  method  *. 
The  Q^r  values  quoted  are  the  means  of  those  deter¬ 
mined  at  3585  and  3410  cm"^.  From  previous  work 
it  is  believed  that  the  Qig  value  in  each  half 
crystal  should  not  differ  anywhere  in  the  half 
crystals  by  more  than  t  0.2  million  from  the  values 
quoted.  The  half  crystals  were  aligned  by  X-rays 
and  cut  with  a  slurry  saw. 

The  devices  were  made  using  straightforward 
processing  methods  commonly  used  in  the  industry 
for  devices  not  requiring  a  tight  specification. 

The  devices  were  constructed  on  8  mm  diameter 
plane  parallel  circular  blanks.  After  a  final  lap 
with  a  5  um  aluminium  oxide  abrasive  grit,  the 
blanks  were  etched  in  ammonium  bi-fluoride  0.6  f2 
(i.e.  removing  about  0.5  um  from  each  face). 

Silver  electrodes  3.5  mm  diameter  were  evaporated 
onto  the  blanks  to  a  thickness  which  decreased  the 
frequency  by  about  0.7  f2  (*  80  kHz  for  the  10.7 
MHz  devices,  i.e.  a  mass  loading  of  about  0.8%  of 
the  mass  of  quartz  under  the  electrodes).  The 
devices  were  encapsulated  in  dry  nitrogen  (-55°C 
dew  point)  in  small  resistance  welded  cases  with 
wire  leads  (type  RC  or  HC  -  49/U) .  Ten  batches  of 
devices  were  made,  one  from  each  half  crystal. 

The  smallest  batch  tested  contained  14  devices. 

The  resonant  frequency  (f)  and  the  equivalent 
series  resistance  (R^)  and  their  variations  (Af  and 
‘.Rj)  with  power  dissipated  in  the  devices  were 
measured  in  an  apparatus  designed  by  Ir  H.J.M.W. 
Dohmen  of  the  Elcoma  Division  of  Philips,  Eindhoven. 
This  apparatus  consists  of  a  phase  zero  trans¬ 
mission  measuring  system®  with  the  device  in  a 
TT-network  between  two  coupled  64  dB  attenuators 
which  were  changed  in  2  dB  steps  so  that  while  the 
power  to  the  crystal  changed,  the  total  attenuation 
in  the  circuit  was  constant.  The  power  level  was 
changed  1  r™  5  r,\,  to  5  mW.  Measurements  were  made 
with  the  power  increasing  and  decreasing.  The 
values  of  Rj  and  changes  in  (AR[)  and  Af  quoted 
here  are  the  means  of  the  values  found  with  the 
power  increasing  and  decreasing.  The  maximum 
divergences  hR^  and  hf  between  the  two  values  were 
also  recorded.  In  order  to  remove  frequency  and 
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resistance  changes  due  to  intrinsic  nonlinearities 
and  thermal  effects  only  the  changes  and 
hysteresis  in  Rj  and  f  occurring  up  to  a  power 
level  of  100  uW  have  been  used.  The  precisions 
of  the  various  measurements  were  0.5i’  for  Rp 
0.2';  for  ARj  and  hRj  and  1  Hz  for  Af . 

Results  for  the  ESR  variations  of  a  bad 
resonator  are  shown  in  Figure  1  and  the  corres¬ 
ponding  frequency  changes  are  shown  in  Figure  2. 
These  illustrate  the  parameters  R.,  ARj,  hRj,  Af 
and  hf. 

The  frequency  temperature  characteristics 
were  measured  using  a  Saunders  type  2000  test 
system.  The  data  are  presented  here  as  the 
temperature  coefficient  at  25°C.  The  precision 
of  individual  datum  points  is  roughly  0.1  ppm/°C. 

C0  was  measured  with  an  appropriate  bridge  and 
Cj  and  I. \  were  measured  in  a  phase- zero  measure¬ 
ment  system  using  the  frequency  change  observed  for 
an  added  series  capacitor. 


Results  and  Discussion 

It  was  found  that  the  values  of  C0,  Cj  and  Li 
were  respectively  about  6  pF ,  0.0  1  pF  and  H  mil  so 
that  the  device  quality  fac;ors  were  in  the  range 
10  to  50  thousand  i.e.  much  less  than  the  value 
expected  for  the  material  with  the  lowest  Qjr. 

Figure  3  gives  the  values  of  Rj  found  in  two 
batches  of  crystals  in  histogram  form.  These  data 
arc  typical  of  the  high  (  •  l.H  million)  and  low 

Qjr  (  l.H  million)  populations.  It  can  be  seen 
that  the  high  QlR  material  gives  a  symmetrical  but 
probably  net  Gauss  iar.  distribution  while  the  low 
0[g  material  results  are  asymmetrically  distributed 
over  a  mi  h  wider  range.  Figure  4  gives  quartile, 
mean  and  median  data  for  all  the  batches  tested. 
This  figure  makes  it  clear  that  lor  •  1.8 

million,  Rj  rises  as  QjR  falls  and  the  spread  and 
asyrranetry  also  increase.  Figures  5  and  b  give 
similar  data  for  AR^  and  l.  Since  the  902 
confidence  limits  are  about  0. 1,  0.4  ami  0.5  times 
the  interquartile  ranges  respectively  for  the 
means,  medians  and  quart iles,  there  is  little  doubt 
that  the  results  are  statistically  significant. 

The  hysteresis  parameters  hR^  and  hf  have 
similar  distribution  to  ,*.R i  and  Af  and  the  data  can 
be  represented  by 


hRj 

=  (0.9 

■  O.JK.Rj 

...  (1) 

hf 

-  (0.9  * 

•  0.6)/.f 

...  (2) 

Here  the  variations  quoted  are  standard  deviations 
of  the  individual  ratios  of  the  changes.  Most  of 
the  variation  is  due  to  experimental  error. 

In  the  same  way,  it  is  possible  to  relate 
Af  (Hz)  and  AR(fi)  to  find  that 

Af  -  (9.5  ♦  6.0)«.R  ...  (3) 


Again  the  error  quoted  is  the  standard  deviation 
of  the  ratios  of  the  individual  data  pairs.  From 
the  point  of  view  of  making  stable  devices,  the 
changes  Af  and  hf  are  of  paramount  importance. 

Here  they  have  been  measured  over  a  very  large 
power  range.  It  would  be  more  realistic  to 
consider  them  over  smaller  ranges.  Over  a  one 
decade  power  range  the  changes  are  reduced 
typically  by  factors  of  about  6  and  3  respectively. 

We  know  that  unstable  surfaces  can  be  a  prime 
cause  of  the  drive  level  dependence  of  Rj  and  f, 
especially  at  low  drive  levels,  and  that  residual 
damage  in  the  quartz  surface  is  one  contributory 
factor^.  It  seems  reasonable  therefore  to  suggest 
that  the  observed  dependence  of  Rj,  ARj,  f  and  Af 
on  the  quality  of  the  quartz  is  a  consequence  of 
the  nature  of  the  surfaces  of  the  devices. 

Figure  7  shows  how  the  depth  of  damage  in  a 
lapped  surface  is  related  to  the  particle  size  of 
the  abrasive  for  two  qualities  of  quartz.  The 
results  were  obtained  by  progressively  etching  the 
surfaces  and  observing  the  X-ray  rocking  curves. 

Figure  8  shows  how  the  thermal  shock  needed  to 
crack  a  bar  of  quartz  (as  grown)  is  related  to  Qjr. 
Thermal  shocks  occur  on  a  microscopic  scale  during 
machining  processes. 

The  above  evidence  supports  the  view  that  the 
machining  properties  of  quartz  and  the  properties 
of  the  resultant  surfaces  are  dependent  on  Qjr- 

It  is  of  course  possible  to  compensate  in 
many  respects  for  the  problems  introduced  by  poor 
quality  quartz  by  improved  processing  methods. 

The  manufacturer  must  decide  whether  this  is  more 
cost  effective  than  specifying  quartz  of  a  higher 
quality. 

The  ability  to  measure  crystal  properties 
over  a  wide  range  of  power  levels  can  be  very 
important  when  the  efficiency  of  processing  methods 
is  being  assessed. 

Figure  9  gives  the  spread  of  temperature 
coefficients  at  25°C  (measured  by  the  standard 
deviation)  as  a  function  of  Qjr.  The  mean 
temperature  coefficient  of  ail  the  devices  tested 
was  -0.005  ppra/°C.  The  target  was,  of  course, 
zero.  However,  i f  we  take  the  six  sample  batches 
with  <  1.8  million,  their  mean  and  its  standard 
deviation  was  -0.032  4  0.042  and  the  4  batches  with 
Qjr  >  1.8  million  gave  *-0.035  ♦  0.062.  The  diff¬ 
erence  between  these  mean  values  could  be  exceeded 
by  chance  about  one  time  in  5.  However,  the  known 
variation  of  the  axial  ratio  with  Q5  leads  us  to 
expect  a  change  of  only  about  0.02  ppm/°C.  The 
right  hand  ordinate  of  Figure  9  is  marked  with  the 
equivalent  cutting  angle  error.  (The  calculated 
frequency  temperature  curves  give  a  change  of 
-0.082  ppm/°C  for  every  arc  minute  increase  in  the 
angle  of  cut(9)).  The  cutting  and  lapping  methods 
used  to  fabricate  these  devices  introduce  a  spread 
of  i?  values  of  between  2  and  3  arc  minutes.  Thus 
the  spread  at  large  QjR  values  is  probably  account¬ 
ed  for  by  a  combination  of  cutting  errors  and 
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measurement  errors.  There  is,  however,  a  signi¬ 
ficant  excess  spread  at  low  Qj^  values.  The  data 
given  above  about  the  mean  temperature  coefficients 
also  suggest  that  the  angle  of  cut  to  give  zero 
temperature  coefficient  may  change  with  Qir. 


Cone lusions 


The  work  described  here  gives  direct  experi¬ 
mental  evidence  that  device  parameters  depend  on 
Qjr  even  for  relatively  low  Q  devices.  Low  Qi^ 
values  are  associated  with  increases  in  the  value 
and  spread  of  the  equivalent  series  resistance 
( )  and  with  changes  with  drive  level  of  both 
and  the  resonant  frequency.  Low  values  of  QIR 
also  increase  the  variations  in  frequency  temper¬ 
ature  behaviour.  For  devices  fabricated  in  the 
same  way  as  the  ones  measured  here,  the  effects 
become  apparent  for  Qjr  <  1.8  million.  Other 
fabrication  techniques  may  give  different  limiting 
values  but  this  study  supports  the  general  hypo¬ 
thesis  that  when  devices  to  tight  tolerances  are 
needed,  high  Qjr  material  should  be  used. 


Figf  R,  os  o  function  of  drive  level  (bad  crystal) 
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Fig  2  Frequency  os  a  function  of  drive  level 
(same  crystal  as  Ftg  1) 


Number  of  samples  with  giver. 


R,  (fl) 

Rig  3  Distribution  of  R,  for  devices  from  crystals 
with  Qir  of  1  6  and  1  9  million 


F.g  4  Mean  median  and  quartiles  of  the  R« 
distributions  os  a  function  of  Qj»  for 
R.  measured  at  tmW 


Rig  6  The  changes  if  in  f  measured  over 
the  ronge  5nW  to  100  pW  as  a 
function  of  Q1(, 
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POINT  DEFECTS  tn  CULTURED  QUARTZ: 

RECENT  ACOUSTIC  LOSS ,  INFRARED,  AND  MAGNETIC  RESONANCE  RESULTS 

J.J.  Martin,  L.K.  Halliburton,  and  R.B.  Bossoli 


Department  of  Physic.*; 
Oklahoma  State  University 
Stillwater,  Oklahoma  74078 


Summary 

Ac  uist  ic  loss  measurements  on  a  5  MHz  5  th 
overtone  resonator  blank  shows  no  loss  peaks  that 
can  l«o  attributed  to  the  Af-Li+  center,  even 
though  the  l  lank  was  fabricated  from  a  hiqh- 
aluminum-cuntent  Premium  bar  and  had  been  Li- 
swer-t  ,  i.e.,  Li  was  swept  into  the  blank.  The  At- 
Na*  center  loss  peak  war.  removed  by  the  Li  sweep. 
Irradiation  of  unswept,  l.i -swept,  and  H? -swept 
blariks  at  room  temperature  introduces  loss  peaks  at 
K,  lUn  K  and  1  K.  In  ID  -swept  material  these 
peaks  are  approximately  a  factor  of  five  smaller 
than  J  he  same  peaks  i r»  similar  unswept  or  Li -swept 
blanks.  Since  these  three  peaks  anneal  between 
.  ‘•c  and  lOO^C,  the  same  as  the  A  f. -hole  center  elec- 
M  'n  in  resonance  spectrum,  wo  conclude  that  the 
f  in  to  peaks  ire  -rinsed  by  the  At -hole  center.  In 
inswept  blank.;,  the  Af-Na4-  1<  ss  peak  is  removed  by 
t  .ciiat  ion  at  room  ♦  emperat ure  but  recovered  upon 
annealing  to  temperatures  atx>ve  *5;>V.  The  decay 
•if  tb*  A.  -or  center  correlates  with  the  recovery 
•'f  t.*i*»  A*-N-i  enter  in  an  , wept  material. 

I  tit  r  <  »du-  t  ion 


Al ) ha- suat tz  is  used  in  a  wide  variety  of 
:  i  o  i  i  r;  el»*  :t  rr>r.i  f:  devic  es  where*  aging  and  radi- 
if  ;  n- i  nd  .ced  instabilities  are  undesirable.  It  is 
■ -w  w  t  1  -krii  >wn  that  pjart.r. -control  1  ed  oscillators 
:ru»v  •  xhil  it  transient.  »nd  steady-state  frequency 
r.  i  ,  shi^t-i  when  expo  sed,  to  ionizing  r  uiiation, *~ * 
:  ,t  1  y  results  obtained  by  King*4  and  other  investi- 
ic  -  r  suggested  that  these  effects  were 

i  ;  .i  ted  with  the  presence  of  impurities. 

"i  -f  r> 

Fubst  i tut  icitial  Atf  is  present  in  all  quart 2  ' 
if,  i  r'-ouires  charge  compensjt  i  mi.  Examples  of  such 
b  true  compensators  are  interstitial  Li  or  Na  + 

:  ■*,:■,  or  hides  or  protons  at  an  oxygen  ion  adjacent 
t.-  *.».*■  aluminum.  The  proton  form:  an  molecule 

v%r.i  -f.  is  infrared  active/*'*0  The  A?-Na+  defect  is 
r  <  •  t  «ns  i  Lie*  for  the  acoustic  loss  peak  observed 
near  bo  Y  in  5  MHz  5th  overtone  AT-eut  crystals.  * 
Trr  tdiation  it  room  temperature  destroys  the  A?-Na  + 
«-r:.,4  »*  •’  and  this  i  s  responsible  for  much  of  the 
t^-al  •  *:tafe  frequency  offset.  Recent  work  at 
klut.omu  ':t.ate  University  has  shown  that  the  alkali 
:  ifi  •  1*.-  ome  mobile  under  irradiation  only  if  the 
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temperature  is  greater  than  200  K.*?  1,4  Following 
a  room  temperature  irradiation,  either  a  bole 
which  can  be  observed  by  ESR  techniques  or  a 
prototv  is  found  trapped  on  an  oxyqen  adjacent  to 
the  A?/+.  The  interstitial  alkali  ions  are  usually 
in  the  relatively  large  c-axis  channels  and  at  high 
temperatures  can  move  along  the  channel  under  an 
applied  electric  field.  King,14  and  later  Kats*° 
and  Fraser,**  used  this  technique  to  "sweep"  hydro¬ 
gen  and  specific  alkalis  into  the  sample.  Sweeping 
hydroqen  in  to  replace  the  alkalis  has  been  shown 
to  improve  the  radiation  hardness  of  quartz  oscil¬ 
lators.  7 

The  identification  of  both  growth  and  radia¬ 
tion-induced  defects  which  affect  the  performance 
of  quartz  resonators  is  an  important  part  of  our 
project.  Recently,  using  sweeping,  IR  absorption, 
and  acoustic  loss  measurements  Martin  and  Doherty*  ' 
reported  that  the  AP.-OH-  center  does  not  have  an 
acoustic  loss  peak  at  temperatures  below  370  K. 

They  also  reported  that  irradiation  of  both  ui. swept 
and  fb. -swept  Prom i urn  Q  quartz  resonator  blanks  pro¬ 
duced  acoustic  loss  peaks  at  25  K  and  100  K  and  a 
broad  loss  peak  between  125  K  and  165  K.  King  and 
.Sander*  had  earlier  reported  the  two  hiqher  tempor¬ 
al  urc  peaks  and  had  suggested  that  they  were  caused 
by  the  A? -hole  center.  The  25  K  peak  had  also  been 
observed  earlier  and  was  attributed  to  changes,  in 
the  inter <iction  between  the  resonant  vibration  of 
the  blank  and  the  thermal  phonons.**'  We  report, 
here  an  isochronal  anneal  study  of  those  three  loss 
peaks  which  shows  that  all  three  peaks  are  associ¬ 
ated  with  the  AP-hole  center.  We  also  compare  the 
acoustic  loss  spectrum  of  unswept  and  Li-swept 
Premium  f>>  material. 

Experimental  Procedm  o 

All  samples  for  this  study  were  cut  from  an 
unswept  pure  Z  growth  Sawyer  Premium  ,  bar  oi  cul¬ 
tured  quartz  that  has  been  given  an  in-house  desi  :- 
nation  pn-E.  Samples  from  this  bar  hav«  been 
extensively  studied  at  Oklahoma  State  University 
using  KF>R,0'*^  TR,0'1"’  and  acoustic  loss1'  ttrh- 
nique.  All  of  these  investigations  show  that  t  ho 
bar  is  of  high  quality  but  that  it  contains  some¬ 
what  more  aluminum  (10-15  ppm)  than  the  average 
Premium  Q  material  (5-8  ppm).  Consequently, 
aluminum- re  la  ted  eff€?cts  are  more  readily  observed. 

5  MHz  5th  overtone  AT-cut  piano  convex  reso¬ 
nator  blanks  of  the  Warner1  design  wore  fal floated 
for  this  study  by  K*.W  Mtg.,  Prague,  b>K.  The  aeou-.- 
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t  if  loss,  Q“ 1 ,  of  the  resonator  blanks  was  measured 
by  the  log  decrement  methtxi  from  5  to  300  K.  The 
measurement s  were  made  in  a  variable  temperature 
helium  r>*»war  with  the  blanks  mounted  in  a  gap  hold¬ 
er  similar  to  the  one  described  by  Fraser.  6  The 
blank  was  driven  for  10  ms  at  its  scries  resonant 
frequency  and  then  allowed  to  freely  decay.  The 
decaying  rf  signal  was  detected  with  a  super¬ 
heterodyne  detector  and  displayed  on  a  variable 
persistence  storage  oscilloscope.  The  exponential 
decay  times  were  measured  using  a  window  detector 
to  gate  a  diqital  timer. 

Electrolysis,  or  sweepinq,  was  carried  out 
at  temperatures  of  470-480°0  in  a  controlled  atmos¬ 
phere  system.  This  system  allowed  the  use  of  H?, 
Dp,  or  gettered  N?  atmospheres,  or  an  oil- 
di ft usi on-pumped  vacuum  of  approximately  2  x  10“** 
Torr.  For  the  acoustic  loss  studies,  the  AT-cut 
resonator  flanks  were  directly  swept .  Vapxjr- 
depnsitod  Au  electrodes  were  used.  For  the  Li 
sweeping  runs,  Lit'l  was  vapor  deposited  on  the 
.sample  surface  and  then  an  Au  electrode  was  de¬ 
posited  over  the  Li 0*1  layer.  The  Li  electrolysis 
was  carried  out  in  a  vacuum  better  than  5  x  10“ 6 
Torr  . 


Irradiations  were  carried  out  at  room  temper¬ 
ature  using  1.7  MeV  electrons  from  a  Van  de  (Jraaff 
accelerator.  Typical  doses  were  approximately 
2000  d/cm*  ('10**  rads).  This  dose  is  not  expected 
to  produce  significant  knock-on  damage,  but  it  has 
been  shown  to  saturate  the  Ail-related  defects.  The 
production  of  A£-oh“  centers  by  the  irradiation  was 
measured  by  a  liquid  nitrogen  temperature  polarized 
infrared  scan  on  the  resonator  blank. 

Results  and  Discussion 


component  of  the  applied  field  parallel  to  the  c 
axis  is  35  V/cm  for  the  Li  sweep?  and  1500  V/cm  for 
the  Uy  sweep.  In  the  Hj  case,  the  large  initial 
current  and  subsequent  decay  is  most  likely  caused 
by  the  alkalis  being  removed  from  the  sample  and 
the  low  final  current  is  most  likely  p^rotons  being 
swept  through  the  lattice.  Since  Li  ions  are 
being  supplied  from  the  LiCl  film  at  the  positive 
electrode,  the  current  remains  nearly  constant  in 
the  Li  sweeping  runs.  Infrared  absorption  scans 
show  that  A£-OH“  centers  are  present  in  the  H?- 
swept  sample  but  not  in  the  Li -swept  sample. 

Figure  2  compares  the  acoustic  loss,  Q-1,  versus 
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Figure  2.  Acoustic  loss,  Q  * ,  versus  temperature 

spectra  are  shown  for  unswept,  hydrogen- 
id  lithium-swept  PQ-E  resonator  blanks. 


Figure  1  compares  the  current-versus-t ime 
curves  for  typical  and  Li  sweeping  runs.  The 


Figure  1 .  Current-versus-time  curves  are  shown  for 
lithiim  and  hydrogen  electrolysis  of 
PQ-E  resonator  blanks. 


temperature  spectra  for  unswept,  Hj-swept,  and  Li- 
swept  resonators  fabricated  from  the  PQ-E  bar. 

The  A£-Na+  loss  peak  near  50  K  is  absent  in  both 
of  the  swept  resonators.  We  do  not  see  any  loss 
peaks  caused  by  the  A£-Li+  center.  Evidently  the 
coupling  of  this  center  to  the  AT  thickness  shear 
mode  is  much  weaker  than  that  of  the  A£-Na+  center. 
An  earlier  comparison15  of  H?-  and  D2 -swept  PQ-E 
resonators  showed  that  the  A£-0H~  center  does  not 
have  loss  p:>eaks  at  temperatures  below  370  K. 

Recently,  Martin  and  Doherty15  reported  that 
irradiation  of  unswep^t  and  H2-swept  PQ-E  resonator 
blanks  at  room  temperature  produced  loss  peaks  at 
25  K  and  100  K  and  a  broad  loss  between  125  and 
165  K.  The  peaks  were  much  larger  in  the  unswept 
material  than  in  the  H2 -swept  blank.  The  room 
temperature  irradiation  also  removed  the  A£-Na+ 
loss  p?eak  which  was  present  initially  in  the  un¬ 
swept  blank.  King  and  Sander1  have  previously  ob¬ 
served  the  peak  at  100  K  and  the  broad  loss  between 
125  K  and  165  K.  They  attributed  these  loss  peaks 
to  the  A£-hole  center.  Martin  and  Doherty  sug¬ 
gested  that  the  25  K  peak  is  also  due  to  the  A£- 
hole  center.  Figure  3  shows  the  Q-1  vs  temperature 
spectrum  for  the  Li -swept  resonator  blank  in  the 
as-swept  condition  and  after  a  room  temperature 
irradiation.  The  irradiation-induced  peaks  are  in 
excellent  agreement  with  the  earlier  results  on  an 
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unswept  blank. 
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figure  l.  The  acoustic  loss  spectrum  of  the 

lithium-swept  re.onator  blank  shows 
rad i at  ion- induced  loss  peaks  at  2^  K, 

1  ■ K,  anti  H5  K.  The  same  peaks  are 
■)  served  in  unswept  blanks.  In  hydro- 
jt-n- :;w»‘p r.  blanks,  the  three  peak-;  are 
si  jr.ifi'-antly  reduced. 


Our  activation  enerqy  and  relaxation  time  lor 
the  Aft-Naf  center  loss  peak  are  in  excellent  agrc  - 
ment  with  those  determined  by  St  eve  Is  and  Volqor 1 
from  dielectric  loss  measurements,  Steve  l'.  ami 
Volger  have  also  reported  a  radiation- induced  die¬ 
lectric  loss  peak  with  K  :=  7,r>  meV  and 
T0  ”  *>  x  10“7  sec.  This  activation  enerqy  is  in 
reasonable  agreement  with  our  25  K  peak,  but  the 
relaxation  time  is  much  longer.  Taylor  and 
Parnell*9  have  also  made  dielectric  loss  measure¬ 
ments  on  irradiated  quartz;  they  found  a  loss  peak 
near  E  =  7.5  meV  in  agreement  with  Steve- 1  s  and 
Volger  and  an  additional  peak  at  low  temperature, 
with  E  -  1.2  meV  and  tQ  -  6.2  x  10“  J  s. 

The  thermal  annual  behavior  of  ♦  he  A? -hole 
and  A 9 -OH*”  centers  in  unswept  quartz  has  been 
studied  by  Murkes  and  Halliburton*  '  and  by  Sibley 
et  al.,1*  respectively.  The  Aft-hole  center,  as 
observed  by  ESN  techniques,  anneals  out  slightly 
below  300  °C  while  the  A  ft -OH”  center  anneals  out 
between  150°C  and  400°C.  Those;  results  strongly 
suggest  that  the  alkali  does  not  return  to  the 
aluminum  site  until  the  35()nC  to  4b')r<‘  r  mge  is 
reached.  If  the  three  radiation- induced  loss 
peaks  are  due  to  the  Aft-holt;  coricer,  they  should 
show  the  same  annealing  pattern  as  the  AJ-hoJo 
center  HSR  spect.rum.  We  have  carried  out  an  iso¬ 
chronal  anneal  study  on  the  unswept  blank  uvi 
found  that  the  25  K,  100  K,  and  1  <5  K  lo«;s  peak: 
all  anneal  out  at  270*0,  as  shown  in  Piaure  4. 


f'.ei.  defect -related  aeons t  ic  loss  peaks  can 
*.♦  iessrrbed  1  y 

!*.  r  (1  *  ..  -V)  (1) 

wh*-r«-  i  th«-  n-s;-.  al*  v«-  r  he  intrinsic  :.a-k- 

:r  nil,  I-  i-  1. 1  -  *  -  ■■■*.  tens' h  f  it  r,  .*  is  the  angular 
t  re  v,  u.  i  *  i  the  relaxation  tine  for  reori- 

e;T.it  i  n  s  •■he  The  relaxation  is  isviaily 

t.-s-r  n.  j  i  j  y  activate:  as  the  defect  must.  ;«>  over  an 
era.u  ;y  barrier  to  rou  h  t  he  equivalent  sites.  *p 


-  -  t  exj  ■>.  'kT>  (2) 

where  K  i  barrier  height  and  T  ,  •  ••  »ntai r.s  the 

number  of  equivalent  r  ier.tat  ions  and  the  attack 
tat*  ,  We  have  fit  Eg.  1,  with  the  relaxation  time 
jive:,  by  Kr.  .  ,  ♦.  •  the  At-Haf  center  loss  p*uk  and 
to  the.-  ‘V.ree  i  adi.it  ion- induced  j  rak  ;.  hr  r urposes 
f  this  ca  leal  » t  io;f  tin*  broad  los-  between  125  K 
rvl  1*5  i’  is  described  by  j  single  peak  centered 
Jt  1  *5  K.  The  \  ltrulat  ed  parameters  are  listed  i  r» 


Tai  1  *»  I  .  !o-  -  rear.  Parameters 


Tib)  K  <meV)  r  fsov)  pefect 

54  V-  s.5  x  1 /  '  Aft-NV 


2  5  H  H .  1  x  1  * '  A «  -hole 

1  •  !  .0  x  Ur'  ■  />.  -h.  ].' 

:  li  '  ;  x  r." 1  •' 


Kiam  «•  1.  T!..'  _'b  r,  1  >0  V ,  in.  I  1  !'•  r  >  .1  I i  > t  ;  'll- 

lt.h’.ced  1 1 -.-s  real  .lurioil  •  •ut  *  •  get her 
at  th*-  t rat  vu  e  a.  ;  he  Aft  -hole 

ce: Ter.  file  A> -<  •!;"  ceM.s  out 

wh.  •;  t  hi  Aff-Na v  1  •  :  oak  ret  an  alx'V* 


Tina.  ,  all  three  1  pi-u-.s  at.  ne:>l  l:k«  i  .used 
by  *  he  A?-hole  sent*  !  .  When  the  u.;i«-al  :  oi.- 

tinued  to  hioh'S  *■;  -ture;,  'he  A»-N'«‘  i-r'.u 

b>  peak  rccove,.  ■  ,tid  4  '  •  .  • 

shown  in  Figure  4.  Th*>  t  :.*  ur.,»l  uni*  tl  '  •  ;;«•  A.  - 

1 ’H~  '-I'l.n  r,  as  ru-as-i'i-d  i-  i  .'r^M’d  ai  -t  •  ‘  i  r  , 

a  room-t  empet  a?  ;:n  -  i  i  r  i  i  i  it  •  d  :n.;we:t  .itteii 
rami  !e  taken  •  r  ■  ae  *h»  ;  ;-e-:  I  a  \  -.  als  h;  i;, 
figure  4.  T!-..*  *\V  •  '!!”  s»  r«-i..r  u  ;n  w  li  :ht  I  v  w  -a 

tile  A f  -hoi  e  center-!  dt-eav  aii  !  t  Jiet.  ’  •  ut 
the  Na  *  ions  •  o  t  p;,.  A.  .  i  t . 
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When  *  ^ Vv'V.-i  ir.  .  ro:'.i »nat n»  blank  was  swept 
vi  fh  Pi,  the  ‘*4  K  7-"'N.jv  center  peak  w-is  removed 
•  t '<  >r  ‘he  a  -"u^t  j>-  versus  t  emperut  nr<'  spectrum 

1st  %■  <  n *»w  peak  f  ’  at  ■  •mild  hi*  att  ributed  ♦»»  the 
•V-:i  •»*nti*r  was  '(.served.  Therefore,  we  conclude 
*ha?  the  A»‘-Li  ‘.-enter  show:'  much  less  coupling  to 
the  AT  shear  mode  than  the  A¥-N«i'4  center, 

hath  upswept  and  hi -swept  Premium  9  blanks  show 
Fuse  acoustic  lo:;s  peaks  at  .“>  K,  10O  K,  and 
1  P  K  when  they  are  irradiated  at  room  temperu- 
tuto.  These  peaks  are  also  present  t rt  fb> -swept 
rat  .aiid  ,  m  vhi-h  case  they  are  approximately  20* 

;  f heioh?  observed  in  the  unswept  quartz. 
Annealing  'ui.es  show  that  all  three  of  these 
peak-;  a  i  e  du*-  t  ■  the  A  t  -hole  center  and  that  it 
anneals  out  ♦  tie  7r>0~.10<)rV  ranqe.  The  AP-Na* 
center-  l oss  peak  which  is  removed  by  a  room  temper¬ 
ature  irrnliutirn  returns  for  annealing  tempera- 
furt's  al>ove  v  c.  The  A^-niP  center  in  unswept 
material  anneal  -nit  at  that  same  temperature. 
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Conclusions 

SAW  filter  technology  is  mature  with  low  in¬ 
sertion  loss,  good  out  of  band  rejection,  very 
linear  phase  and  a  wide  frequency  range  from  20MHz 
to  2  GHz.  The  devices  are  being  utilized  in  many 
systems  applications  from  T.V.  tuners  to  pulse 
compression  radars  to  cable  television  repeaters. 

One  challenge  still  left  in  surface  acoustic 
wave  filter  technology  is  that  of  finding  a  high 
coupling,  zero  temperature  coefficient  material 
that  may  be  produced  in  large  quantities.  The 
material  also  should  have  no  beam  steering  pro¬ 
blems  in  the  propagation  direction.  Of  course 
other  challenges  also  exist  such  as  higher  freq¬ 
uency  (>2  GHz)  devices. 
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Summary 

While  high  temperature  electrolysis  has  proven 
beneficial  as  a  technique  to  remove  interstitial 
impurities  from  quartz,  reliable  indices  to  mea¬ 
sure  the  efficacy  of  such  a  processing  step  are 
still  under  development.  The  present  work  is 
directed  toward  providing  such  an  index.  Two 
techniques  have  been  investigated — one  involves 
measurement  of  the  radiation-induced  conductivity 
in  quartz  along  the  optic  axis#  and  the  second 
involves  measurement  of  high  temperature  Q 
changes.  Both  effects  originate  when  impurity 
charge  compensators  are  released  from  their  traps, 
in  the  first  case  resulting  in  an  associated 
increase  in  ionic  conduction  and  in  the  second 
case  resulting  in  increased  acoustic  losses. 

Radiation-induced  conductivity  measurements 
have  been  carried  out  with  a  200  kV#  14  mA  X-ray 
machine  producing  approximately  5  rads/sec  at  the 
sample.  With  electric  fields  of  the  order  of 
104  V/cm,  the  noise  level  in  the  current  measuring 
system  is  equivalent  to  an  ionic  current  gener¬ 
ated  by  quartz  impurities  in  the  1  ppb  range. 
The  accuracy  of  the  high  temperature  (300-800  K) 
Q“1  measurement  technique  is  limited  by  the  uncer¬ 
tainties  associated  with  quantitative  correlation 
of  the  high  temperature  acoustic  losses  with  the 
concentration  of  impurity  centers.  A  number  of 
resonators  constructed  of  quartz  material  of  dif¬ 
ferent  impurity  contents  have  been  tested#  and 
both  the  radiation-induced  conductivity  and  the 
high  temperature  Q“*  results  compared  with  earlier 
radiation-induced  frequency  and  resonator  resis¬ 
tance  changes. 1  A  post  irradiation-induced  conduc¬ 
tivity  index  and  a  high  temperature  Q  index  show 
excellent  correlation  with  the  earlier  pulsed 
irradiation-induced  dynamic  resonator  motional 
resistance  changes,  and  it  is  therefore  concluded 
that  either  measurement  can  be  employed  to  serve 
as  an  acceptance  criterion  for  radiation  hardness. 

Introduction 

High  temperature  electrolysis,  as  a  technique 
to  remove  interstitial  impurity  cations  from 
quartz,  has  been  used  successfully  for  some 
years.2  As  far  as  quartz  resonator  sensitivity 
to  radiation  is  concerned,  electrolysis  (sweeping) 
has  proved  beneficial  because  the  elastic  modulus 
and  acoustic  loss  changes  caused  by  ionizing  radi¬ 
ation  have  been  minimized  or,  in  many  cases, 
reduced  to  negligible  levels.  The  electrolysis 
process,  however,  has  not  been  sufficiently 


reproducible  that  the  degree  of  cation  removal  can 
be  guaranteed.  Some  index  is  necessary,  there¬ 
fore,  to  assure  that  the  quartz  is  indeed  rela¬ 
tively  devoid  of  mobile  cations.  During  the 
sweeping  process,  the  current  through  the  appara¬ 
tus  has  not  proved  to  be  an  accurate  indicator, 
apparently  because  parasitic  currents,  other  than 
the  impurity  cation  current  in  the  crystal,  are 
also  measured.  Markes  and  Halliburton*  have 
recently  suggested  an  ESR  technique,  where  hole- 
compensated  A1  centers  are  detected  at  various 
stages  in  an  irradiation  and  temperature  cycling 
sequence  as  a  quality  assurance  methodology. 

In  earlier  studies  by  Hughes4  of  radiation- 
induced  conductivity  (RIC)  in  quartz,  observations 
were  made  of  both  electronic  and  ionic  charge  car¬ 
riers  wherein  the  ionic  carriers  were  character¬ 
ized  as  impurity  cations  freed  indirectly  by  the 
radiation  and  moved  by  the  electric  field  along 
the  optic  axis  of  the  crystal.  The  reduced  magni¬ 
tude  of  these  ion  currents  in  swept  Z-cut  quartz 
and  the  absence  of  such  currents  in  X-  and  Y-cuts, 
stemming  from  the  anisotropy  of  quartz  and  the 
consequent  inability  of  ions  to  move  perceptibly 
except  along  the  Z-axis,  led  to  the  suggestion  of 
utilizing  prompt  radiation-induced  conductivity, 
following  pulsed  irradiation,  as  an  indicator  of 
the  presence  or  absence  of  ionic  impurities.  This 
suggestion  has  stimulated  the  RIC  part  of  the 
present  effort  which  is  aimed  at  developing  a 
quartz  purity  index  appropriate  from  a  radiation 
hardness  perspective. 

The  very  large  increases  in  acoustic  losses 
observed  in  natural  and  synthetic  quartz  at  high 
temperatures  had  been  studied  as  early  as  1953  by 
Cook  and  Breckenridge^  and  the  **jrk  up  until 
1968  discussed  by  Fraser. ^  These  resistance 
effects  can  be  explained  by  a  mechanical  relaxa¬ 
tion  phenomenon  where  the  associated  thermally 
activated  high  temperature  loss  is  attributed  to 
the  stress  induced  motion  of  impurity  ions  along 
the  Z-axis  channels.  The  activation  energy  is  the 
sum  of  the  energy  to  free  the  cations  from  their 
trapping  sites  and  the  motional  energy  to  move 
along  the  optic  axis  potential  barriers.  Elec¬ 
trolysis  has  been  shown  to  reduce  this  loss  peak 
in  both  natural  and  synthetic  material,2  thus 
making  possible  high  temperature  frequency  control 
applications  of  quartz  crystals.  It  should  be 
recognized,  then,  that  the  high  temperature  acous¬ 
tic  loss  increase  is  another  phenomenological 
manifestation  of  the  freeing  of  impurity  ions. 
At  high  temperatures,  the  energy  to  release  the 
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ions  from  their  traps  is  provided  thermally, 
whereas  in  the  case  of  radiation- induced  conduc¬ 
tivity.  the  energy  is  provided  by  the  ionizing 
radiation.  In  these  radiation-induced  conductiv¬ 
ity  processes  or  in  radiation-induced  acoustic 
loss  processes,  since  the  energy  to  release  the 
cations  from  their  traps  is  provided  by  the  radia¬ 
tion,  the  observed  activation  energy  is  simply  the 
motional  energy.7  If  the  absence  of  the  high 
temperature  loss  peak  in  quartz  can,  therefore,  be 
interpreted  as  an  indication  of  the  absence  of  the 
Al-associated  impurity  ions,  then  the  magnitude  of 
this  high  temperature  loss  is  another  measure  of 
the  purity  of  the  material. 

Experiments 

For  the  radiation-induced  conductivity  mea¬ 
surements,  a  200  kV,  14  mA  X-ray  machine  was  used 
to  irradiate  the  quartz  crystal  samples  which  were 
in  the  form  of  finished  resonators.  The  resona¬ 
tors  were  placed  in  a  vacuum  chamber  to  avoid  air 
ionization  currents,  and  doubly  shielded  cabling 
was  used  from  the  high  voltage  supply  and  current 
meter  to  the  feedthroughs  on  the  vacuum  chamber, 
thereby  minimizing  stray  currents  throughout  the 
experimental  setup.  A  block  diagram  of  the  exper¬ 
imental  apparatus  is  shown  in  Figure  1.  The  cur¬ 
rents  were  recorded  on  a  strip  chart  recorder  to 
provide  rise  and  decay  time  information  after 
radiation  or  electric  field  changes  at  the  sample. 
All  of  the  measurements  reported  here  were  made 
at  room  temperature.  The  use  of  a  200  kV  X-ray 
source  assures  a  fairly  uniform  radiation  deposi¬ 
tion  and  in  the  present  experimental  configuration 
resuLted  in  a  fluence  of  approximately  3-5  rads/ 
sec  at  the  sample.  No  voltage  magnitude  or 
polarity  dependence  of  the  background  current  was 
observed  up  to  2000  volts.  Furthermore,  there 
appeared  to  be  no  measurable  X-ray-induced  current 
since  the  background  was  constant  [-  3(10)“** 
amperes/cm2 J  at  all  voltages  and  X-ray  fluences. 

The  high  temperature  resonator-resistance 
(Q“l)  measurements  were  done  in  an  absorption 
network  with  a  gain-phase  meter  measuring  the 
voltage  and  phase  of  the  signals  at  the  input  and 
output  of  the  network.  A  diagram  of  the  apparatus 
is  shown  in  Figure  2.  Temperature  measurements 
were  taken  with  a  thermocouple  in  close  proximity 
to  the  crystal  resonator  in  the  furnace  chamber. 
Resonator  fabrication  technology  limited  the  high¬ 
est  temperature  {-  400*C)  at  which  the  resonators 
could  be  tested. 

For  the  most  part,  the  quartz  crystal  resona¬ 
tor  specimens  were  5  MHz,  fifth  overtone  AT-cuts 
of  Premium  Q*  quartz  material.  The  Y-cut  units 
and  the  natural  quartz  specimens  are  obvious 
exceptions.  The  swept  quartz  samples  were  fabri¬ 
cated  from  material  that  was  vacuum  electrolyzed 
at  Sandia  National  Laboratories  Albuquerque. 
These  resonators  were  used  in  an  earlier  radiation 
study  program  where  frequency  transient  data  was 
taken  after  exposure  to  pulsed  gamma  irradiation 
(pulse  width  approximately  70  nanoseconds)  at 


•Premium  Q  quartz  produced  by  Sawyer  Research  Pro¬ 
ducts,  Inc.,  Eastlake,  Ohio. 


104  rads.  In  that  program,  both  frequency  and 
resonator  resistance  changes  were  mea¬ 

sured.  Unswept  or  incompletely  swept  quartz  mani¬ 
fested  itself  as  showing  transient  and  permanent 
resistance  (Q“l)  changes,  with  associated  fre¬ 
quency  changes,  while  well-swept  material  showed 
only  frequency  transients  which  were  characterized 
and  modeled  as  thermal  in  origin.  8'^  In  the 
present  studies,  correlation  was,  therefore, 
looked  for  relative  to  this  earlier  frequency  and 
resistance  change  (Q"1)  characterization,  as 
opposed  to  the  less  definitive  "electrolyzed  or 
nonelect roly zed"  character ization.  Although  all 
of  the  unswept  material  showed  transient  resis¬ 
tance  changes,  not  all  of  the  swept  material  dis¬ 
played  the  absence  of  resistance  changes.  The 
Y-cut  samples  were  not  part  of  the  earlier  pulsed 
irradiation  testing,  and,  therefore,  no  infor¬ 
mation  is  available  as  to  ionic  purity  or 
resistance-change  effects. 

Results  and  Discussion 
Radiation-Induced  Conductivity 

The  steady  state  radiation-induced  current 
that  results  for  a  constant  dose  of  X-rays  is 

I  (amps)  *  aefj^Aifrd  (1) 

where 

a  =  concentration  of  carriers  per  rad, 

e  »  electronic  charge, 

f^  =  number  of  impurity  ions  released  per 
carrier  =  1, 

f 2  “  field  dependence  of  ion  collection 


-  [l  +  ■*—  exp(-d/UTE)  -  J  (2) 


(assuming  a  single  carrier  and  that  the 
carrier  concentration  can  be  represented 
in  the  exponentially  time-decreasing  form 
exp(-t/x)) , 

A  ■  area  of  the  electrodes  in  cm2, 

4  ■  radiation  rate  in  rads/sec, 

d  *  sample  thickness  in  cm, 
m  *  carrier  mobility  in  cm2/V-sec, 
t  *  carrier  lifetime  in  seconds,  and 
E  «  applied  field  in  V/cm. 

Hughes4  has  determined  that  o  =  1-4 (10) *2  car- 
r iers/cmVrad,  therefore,  at  5  rads/sec,  we  are 
freeing  5-20(10) 12  ions/cm3/sec,  which  is  a  small 
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fraction  of  the  total  number  of  impurities  present 
in  most  quartz.  For  example,  20(10) ions/cm^  is 
equivalent  to  7.5(iQ)“4  ppm  of  impurity  ions.  If 
the  effects  of  impurities  reduction  due  to  elec¬ 
trolysis  or  high  purity  growth  are  to  be  detec¬ 
table  as  a  reduction  in  the  RIC,  however,  this 
extremely  low  impurity  level  must  be  present  in 
the  quartz.  In  other  words,  the  radiation-induced 
impurity  ion  release  rate,  afi$,  will  show  a 
decrease  only  when  this  rate  is  greater  than  the 
impurity  concentration.  When  this  occurs,  the 
impurity  concentration  is  the  RIC  limiting  factor 
and  the  number  of  impurity  ions  released  per  car¬ 
rier,  will  be  less  than  unity.  Of  course, 
higher  impurity  levels  could  be  detected  as  a 
reduction  in  the  RIC  if  higher  irradiation  rates 
were  used.  This  conclusion  assumes  the  mobility 
and  the  lifetime  are  unchanged  by  sweeping,  but  if 
the  trap  levels  and  numbers  change  with  sweeping 
time  (as,  for  example,  if  hydrogen  ions  or  holes 
cc  pensate  the  A1  sites),  then  both  mobility  and 
lifetime  could  change,  and  lower  radiation  induced 
currents  could  still  ensue.  Lifetime  and  mobility 
changes  affect  the  field  dependence  factor,  f2#  in 
Equation  (1).  Aside  from  the  work  of  Hughes,  and 
more  recently  Nowick  and  Jain,*0  little  has  been 
done  in  the  measurement  of  ion  mobilities  and 
lifetimes  in  quartz. 

Figure  3  displays  a  typical  time  record  of  the 
current  ir.  a  resonator  during  an  irradiation 
sequence.  The  magnitudes  of  the  steady  state  RIC 
and  the  post radiat ion  conductivity  vary,  of 
course,  from  resonator  to  resonator.  Figure  4  is 
a  plot  of  the  steady  state  radiation-induced  cur¬ 
rents  for  the  various  crystals  tested.  Note  the 
units  of  the  ordinate  where  the  dependence  on 
radiation  rate,  applied  electric  field,  and  elec¬ 
trode  area  has  been  normalized.  This  is  particu¬ 
larly  necessary  due  to  differences  in  resonator 
thicknesses  and  electrode  areas.  The  observed 
currents  for  the  electronic  grade,  Y-cut,  2  MHz 
resonators  could  not  be  distinguished  above  back¬ 
ground.  This  result  is  in  agreement  with  Hughes' 
work  and  consistent  with  the  model  of  ionic 
conductivity  in  quartz  wherein  the  motion  is 
restricted  to  the  open  Z-axis  channels. 

The  figure  shows  the  results  for  the  two 
groups  of  resonators  according  to  the  earlier  men¬ 
tioned  characterization,  namely  resonators  showing 
thermal  transient  effects  only  (TT  units)  and 
resonators  showing  resistance  changes  (RT  units) 
under  pulsed  irradiation  at  104  rads,-  the  Y-cut 
units  were  not  part  of  the  earlier  radiation- 
effects  characterization  study.  For  purposes  of 
comparison  with  expected  electron  currents  in 
quartz,  the  values  of  electron  radiat ion- induced 
conductivities  from  Hughes4  work  is  displayed 
in  the  figure  also.  Radiation  conditioning,  that 
is,  preirradiation  at  high  dose  levels,  has  been 
shown*  earlier  to  improve  the  response  of  reso¬ 
nators  to  radiation,  and  in  this  work  it  causes 
an  apparent  reduction  in  the  RIC;  the  lowest 
observed  conductivities  for  the  unswept  resonators 
occurred  in  those  units  that  had  been  radiation 
preconditioned. 


While  the  RT  units  displayed  the  highest  con¬ 
ductivities  observed  and  while  the  TT  units  dis¬ 
played  the  lowest  conductivities  observed,  there 
is  a  significant  overlap  on  the  conductivity  scale 
of  the  two  distributions.  It  would  be,  therefore, 
difficult  to  specify  an  acceptance  criterion  using 
this  steady  state  RIC  index.  Furthermore,  the 
fact  that  the  well-swept  quartz  resonators  did  not 
show  any  appreciable  conductivity  difference  from 
the  unswept  or  partially  swept  resonators  suggests 
that  the  impurity  concentration  in  the  well-swept 
units  was  still  greater  than  the  radiation- induced 
impurity  ion  release  rate. 


Although  the  steady  state  RIC  results  do  not 
lead  to  an  acceptable  index,  the  postir radiat ion 
transient  RIC  results,  shown  in  Figure  5,  seem  to 
clearly  establish  this  parameter  as  a  viable 
index.  The  ordinate  in  Figure  5  is  the  conductiv¬ 
ity  measured  in  the  first  second  after  termination 
of  the  x-irradiation.  A  conductivity  of  10"*8 
amperes/cm^/volt/cm/rad  represents  the  detec¬ 
tion  limit  of  the  experimental  apparatus.  Because 
the  postirradiation  conductivity  decay  times 
varied  significantly  between  resonators  (from  sec¬ 
onds  to  hours),  the  normalization  to  total  radia¬ 
tion  exposure  is  not  completely  satisfactory  since 
irradiations  took  place  over  several  minutes. 
Postirradiation  conductivity  measurements  follow¬ 
ing  a  pulsed  irradiation,  with  a  pulse  width  less 
than  a  second,  would  be  superior  in  this  respect. 
In  relating  to  the  marked  difference  in  results 
between  the  steady  state  RIC  and  the  postirradia¬ 
tion  RIC,  it  would  appear  that  the  greater  sensi¬ 
tivity  of  the  postirradiation  conductivity  to  the 
ion  lifetime  constitutes  an  important  difference. 
If  this  is  the  responsible  difference  factor,  then 
the  ion  lifetimes  in  quartz  are  being  signifi¬ 
cantly  reduced  during  electrolysis.  For  crystal 
unit  A,  a  pulsed  irradiation  resistance  transient 
was  observed,  but  it  was  sufficiently  fast  and 
small  that  no  effect  was  detectable  in  the  fre¬ 
quency  transient.  It  is  concluded  that  this 
quartz  material  does  possess  some  residual  ionic 
impurity  content,  as  confirmed  by  the  postirradia¬ 
tion  conductivity  measurement. 


High  Temperature  Resistance 


Resonator  resistances  as  a  function  of  tem¬ 
perature  are  shown  in  Figures  6  and  7.  Because 
of  a  lower  temperature  fabrication  technology,  the 
Y-cut  resonators  were  not  able  to  be  tested.  Here 
again  the  correlation  follows  the  RT  and  TT  char¬ 
acterization,  and  the  results  with  the  RT  units 
are  shown  in  Figure  6  while  the  results  for  the 
TT  units  are  shown  in  Figure  7.  The  magnitude  of 
the  Q  change  for  the  RT  units  was  sufficiently 
large  at  the  higher  temperatures  that  a  zero  phase 
condition  did  not  ensue.  This  can  be  shown  to  be 
the  case  whenever  R}  >  1/(2  wpCg) .  Under  this 
circumstance,  however,  one  can  use  the  peak  phase 
point  to  calculate  the  resistance  from  the 
equation 


R.  *  (tan  6  +  1) 


1/2 


-  tan  e|/2u)pCs 


(3) 
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tan  a  *  sm  ♦/(cos  t  -  Vj*/VA>  , 

VA  »  voltage  into  the  absorption  net»*jrK, 

Vp  *  voltage  at  the  resonator, 

4  *  phase  of  Vp  relative  to  VA, 

ajp  *  angular  frequency  at  maximum  phase 
e  (peak  phase  point),  and 

Cjj  *  total  capacitance  at  the  resonator 
node  at  which  Vp  is  measured. 

The  degree  of  improvement  in  high  temperature 
performance,  that  is,  the  absence  ot  any  marked 
resistant...  increase  for  the  electrolyzed  (well- 
swept)  quartz  resona;ors  is  apparent  and  should 
be  compared  with  earlier  results  of  Fraser*1 
and  King  and  Fraser1^  as  displayed  in  Figures  8 
and  9.  Although  not  as  prominent  as  in  Fraser's 
results,  there  appears  to  be  a  similar  secondary 
peak  at  approximately  300°-320®C  for  the  RT  units. 
Here,  as  in  the  Ric  results,  crystal  unit  A  dis¬ 
plays  evidence  of  a  residual  impurity  content  in 
that  there  is  a  measurable  high  temperature 
increase  in  resonator  resistance. 

Perhaps  a  better  high  temperature  comparison 
point  is  nearer  500°C  than  400°C  because  it  would 
be  nearer  the  loss  peak?  the  restrictions  of  the 
present  experiments  (i.e.,  the  use  of  finished 
resonators)  limited  us,  however,  to  the  lower 
temperature.  We  have  formed  an  index  ratio, 
(r400°C  “  R25°C*/100'  *°r  the  tested  resona¬ 

tors  which  is  shown  in  Figure  10.  The  denomina¬ 
tor,  or  reference  value  of  100  ohms  in  this  ratio, 
is  considered  to  represent  the  quartz  internal 
frictional  loss  at  5  MHz.  The  motional  capaci¬ 
tance  of  these  resonators  is  approximately  10“* 
pF.  The  clear  separation  of  the  resistance-ratio 
distributions  for  the  two  groups  (RT  and  TT)  indi¬ 
cates  the  viability  of  this  measurement  index  as 
an  acceptance  criterion. 

Conclusions 

Based  on  the  radiation  effects  model  of 
cations  freed  from  substitutional  A1  sites  in 
quartz,  two  indices  for  determining  the  ion  impur¬ 
ity  levels  have  been  suggested.  The  measurement 
techniques  have  been  investigated  and  demonstrated 
to  be  viable  radiation-hardness  indicators.  The 
post mediation- induced  conductivity  index  and  the 
high  temperature  Q  index  show  excellent  correla¬ 
tion  with  dynamic  resonator  motional  resistance 
changes  under  irradiation.  It  is,  therefore,  con¬ 
cluded  that  either  measurement  could  be  employed 
to  serve  as  an  acceptance  criterion  for  radiation 
hardness.  Earlier1  resonator  radiation  perfor¬ 
mance  variability,  from  blanks  taken  out  of  the 
same  quartz  bar,  suggests  the  need  to  utilize  the 
acceptance  criterion  with  individual  resonators. 
Furthermore,  to  preclude  the  loss  of  production 
costs  incurred  in  packaging  the  resonators,  it  is 


cecommefKietl  that  testing,  with  appropriate  fixtur- 
ing,  be  performed  on  the  crystal  blanks  prior  to 
resonator  packaging. 
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1.  Diagram  of  the  experimental  appara¬ 
tus  for  measuring  rad iation- induced 
conductivity. 


FURNACE 


2.  Diagram  of  the  experimental  appara¬ 
tus  for  measuring  high  temperature 
resonator  resistance. 


3.  Resonator  current  during  x-irradi- 
ation.  The  magnitude  of  the  current 
during  irradiation  varied  from  reso¬ 
nator  to  resonator.  The  post- irra¬ 
diation  conductivity  was  not  measur¬ 
able  in  well-swept  quartz. 


THERMAL  RESISTANCE 

TRANSIENT  UNITS  TRANSIENT  UNITS 


Rad iation- induced  conductivity  for 
well-swept  versus  unswept  and  par¬ 
tially  swept  resonators.  Only  the 
crystal  sample  number  is  connoted 
fcy  position  along  the  abscissa.  The 
Y-cut  samples  were  not  part  of  the 
earlier  pulsed  irradiation  testing 
and,  therefore,  no  information  is 
available  as  to  ionic  purity  or  re¬ 
sistance  change  effects. 


POST  ERADIATION  R.I.C  (amps/cm^/V/cm/rad) 


104, 


TRANSIENT  UNITS  TRANSENT  UNITS 


5.  Postirradiation  conductivity  for 

well-swept  versus  unswept  and  parti¬ 
ally  swept  resonators.  Only  the 
crystal  sample  number  is  connoted  by 
position  along  the  abscissa. 


TEMPERATURE  <°C) 


6.  Temperature  dependence  of  resonator 
resistance  for  those  resonators 
which  displayed  resistance  trans¬ 
ients  (RT)  under  pulse  irradiation. 
These  samples  were  of  either  un¬ 
swept  quartz  or  partially  swept 
quartz.  Separation  of  the  data  into 
the  upper  and  lower  groups  is  for 
visual  clarity.  The  closed  circle 
data  in  the  bottom  group  is  for  a 
natural  quartz  resonator. 
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TEMPERATURE  IN  DEGREES  CENTIGRADE 

8.  Internal  friction  in  untreated  and 
electrolyzed  fast  grown  Z-growth 
synthetic  quartz. 


9.  Effect  of  electrolysis  on  the  acous¬ 
tic  absorption  in  natural  quartz  at 
elevated  temperatures. 
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Summa ry 

We  report  the  results  of  electrical  resistance 
at  series  resonance  as  a  measure  of  acoustic  loss 
between  130  and  350  °C  for  resonators  fabricated 
from  high  grade  synthetic  and  electrolyzed  (swept) 
quartz.  An  exponential  increase  of  resonator  re¬ 
sistance  with  temperature  Is  observed  for  all  as- 
grown  quartz.  This  increase  is  attributed  to  either 
lithium  or  sodium  impurity  migration.  The  swept 
companions  of  these  materials  do  not  show  the 
exponential  rise  and  no  essential  difference  is 
found  between  air  and  vacuum  swept  material. 


reviewed  by  Halliburton*  and  by  Nowick. ^  The  alu¬ 
minum-metal  impurity  center,  Al-M+,  shows  a  loss 
peak  near  50  K  for  Al-Na+,  but  the  low  temperature 
loss  pattern  of  Al-Li+,  Al-K+,  Al-OH",  and  alumi¬ 
num-hole,  Al-e+,  are  not  clearly  Identified. 

Al-OH",  as  well  as  other  hydrogen  related  bands, 
are  well  characterized  by  low  temperature  near 
infrared  absorption  spectroscopy,  whereas  Al-e+  is 
best  studied  by  ESR.  The  dominant  impurity  center 
in  high  grade  natural  and  synthetic  quartz,  Al-Li+, 
is  not  observable  by  ESR,  nor  has  it  been  detected 
by  optical  techniques  unless  associated  with  OH" 
ions. ^ 


Strong  Al-OH"  related  bands  are  observed  by 
Infrared  spectroscopy  in  both  air  and  vacuum  swept 
samples.  From  short-term  vacuum  sweeping  experi¬ 
ments  we  find  that  a  reduction  in  as-grown  0H"-band 
strengths  occurs  almost  immediately  after  the  onset 
of  sweeping,  but  the  Al-OH"  bands  do  not  form  until 
after  a  few  hours  of  sweeping  time.  In  air  swept 
samples,  with  hydrogen  supplied  by  the  water  vapor 
in  the  atmosphere,  Al-OH"  bands  appear  almost  imme¬ 
diately  and  as-grown  0H"-bands  remain  essentially 
unchanged. 

Key  words.  Quartz,  Resonators,  Acoustic  Loss, 
Infrared  Spectra,  Sweeping,  Impurity  Bands,  Defect 
Centers. 


Introduction 


It  is  desirable  to  have  sensitive  experimental 
characterization  techniques  available  to  monitor 
impurity  concentration  and  intrinsic  defects  in  high 
quality  quartz,  their  transformation  and  dissocia¬ 
tion  as  a  function  of  electrolysis  (sweeping)  or  ir¬ 
radiation,  and  to  be  able  to  correlate  these  results 
with  observed  device  performance.  It  Is  also  impor¬ 
tant  to  develop  comparative  material  evaluation 
techniques  to  be  used  for  manufacturing  quality 
control  of  high  precision  resonators. 

The  impurity  and  intrinsic  defect  structure  of 
quartz  and  their  characterizat ion  by  infrared  spec- 
troscopyj  anelastlc  loss  as  a  function  of  tempera¬ 
ture,  Q"*(T),  and  electron  spin  resonance  has  been 


Previous  Investigations  by  King**  and  by  Fra- 
ser5»6  have  shown  that  Q"*(T)  exhibits  a  high  tem¬ 
perature  loss  behavior  which  Increases  exponen¬ 
tially  with  temperature  above  200  °C.  The  expo¬ 
nential  increase  reflects  the  stress  induced  alkali 
ion  migration,  and  it  is  at  least  three  orders  of 
magnitude  more  sensitive  to  impurity  concentration 
than  the  alkali  motion  between  equivalent  sites, 
giving  rise  to  the  low  temperature  Q"*  peaks. 

In  addition,  a  loss  peak  observed  for  swept  natural 
and  synthetic  quartz  near  350  °C  has  been  attribu¬ 
ted  by  Fraser  to  diffusion  of  alkali  ions. 


Sweeping  synthetic  fl*-quartz  is  a  well-estab¬ 
lished  method  for  improving  quartz  resonator  perfor¬ 
mance,  but  many  questions  still  remain  as  to  the 
defect  mechanisms  contributing  to  this  process.  In 
samples  swept  in  an  air  atmosphere,  the  dominant 
mechanism  is  the  replacement  of  compensating  alkali 
metal  ions  M*  (M*  -  Li+,  Na+,  or  K+)  by  hydrogen. 
This  ion  bonds  to  an  oxygen  to  form  OH"  and  it  pro¬ 
vides  the  compensation  for  the  substitutional 
aluminum  at  the  silicon  sites.  Sweeping  quartz  in 
vacuum  also  results  in  improved  material  and  device 
properties. ^ It  is  expected  that  the  lack  of 
available  hydrogen  during  vacuum  sweeping  would 
inhibit  the  formation  of  Al-OH",  diminish  the 
strengths  of  as-grown  hydrogen  related  bands,  and 
form  Al-e+  as  the  prominent  defect. 

In  this  paper  we  discuss  characterization 
techniques  for  high  grade  synthetic  quartz,  and 
how  to  differentiate  between  Al-Li+  and  other 


Al-M*  (.enters.  In  addition,  a  method  Is  needed 
to  distinguish  between  vacuum  and  air  swept  quartz 
and  to  test  the  completeness  of  sweeping.  We  re¬ 
port  high  temperature  electrical  resistance  results 
for  resonators  fabricated  from  st.  t.  of-the-art 
quartz,  both  as-grown  and  swept  by  different  tech¬ 
niques,  as  well  as  KSR  and  Infrared  spectra  of 
these  materials. 


Experimental  Procedures 

The  Electronic  Grade  material  used  in  these 
Investigations  was  obtained  from  Motorola.  Pre¬ 
mium-^  and  High-Q  quartz  were  grown  at  Sawyer  Re¬ 
search  Products  (SARP)  by  the  same  process,  except 
that  for  Preralum-Q,  lithium  salt  was  added  to  the 
mineralizer.  The  aluminum  impurity  content  of 
Hlgh-Q  quartz,  2x10^  Al/cm^,  as  determined  from 
infrared  and  electron  spin  resonance  spectroscopy. 

Is  approximately  one  order  of  magnitude  greater 
than  that  of  our  Premium-Q  samples,  2x10*^  Al/cm^. 

Sweeping  experiments  were  performed  In  air, 
nitrogen,  and  vacuum  ambients.  The  experimental 
procedures  for  sweeping  were  described  in  a  previous 
publication.^  The  alkali  ion  diffused  materials 
were  prepared  by  first  sweeping  the  as-grown  Pre- 
raium-Q  quartz  in  a  nitrogen  atmosphere,  coating  the 
surface  with  the  appropriate  alkali  carbonate,  and 
electrodif fusing  it  in  a  nitrogen  atmosphere.  Pre¬ 
cision  5  MHz,  5th  overtone,  AT-cut  resonators  were 
fabricated  from  as-grown,  swept,  and  ion  diffused 
materials  by  Frequency  Electronics,  Inc.  (FEI). 

For  vacuum  sweeping,  the  furnace  and  sample 
holder  were  enclosed  in  a  bell  jar  and  pumped  to 
approximately  5x10"^  Torr.  For  short-term  sweeping 
experiments  the  sample  was  clamped  between  platinum 
foils ,  and  for  long-term  sweeping  platinum  layers 
were  also  sputtered  on  the  sample.  The  sample  was 
gradually  brought  up  to  500  °C  over  a  two  day  period 
and  swept  at  this  temperature  for  a  prescribed  time 
with  an  electric  field  of  1000  V/ cm  applied  along 
the  crystallographic  z-axis.  The  electric  field 
was  then  turned  off,  and  the  sample  cooled  to  room 
temperature  over  a  period  of  two  days. 

Most  of  the  samples  used  for  comparing  effects 
of  sweeping  in  air  and  in  vacuum  by  infrared  spect¬ 
roscopy  were  prepared  from  the  same  as-grown  quartz 
bar.  Sample  preparation  and  Infrared  transmission 
procedures  were  described  in  a  previous  publica¬ 
tion.^  For  these  measurements  transmissions  were 
obtained  between  3100-3700  cm"^  at  85  K  using  unpo¬ 
larized  radiation  with  the  electric  vector  E  J.  z. 

The  high  temperature  electrical  resistance 
measurements  on  resonators  were  performed  with  a 
frequency  synthesizer,  vector  Impedance  meter,  and 
x-y  recorder.  The  resonator  was  enclosed  in  a 
small  furnace,  and  the  temperature  was  set  with  a 
Kurotherm  controller  capable  of  0.2  °C  stability. 
Between  25  and  200  °C,  the  temperature  was  Increased 
at  a  typical  rate  of  0.5  °C/min.  At  higher  tempe¬ 
ratures,  owing  to  the  rapid  change  of  frequency  as 


a  function  of  temperature,  a  much  slower  rate  was 
required  to  obtain  a  raeasureable  resonance.  The 
minimum  impedance,  corresponding  to  the  resonance 
peak,  was  recorded  at  approximately  1  °C  Intervals. 
Due  to  the  lead  capacitance,  the  off-resonance 
circuit  impedance  ZQ  is  approximately  2600  ohms. 
Resonance  resistance  Rj  and  measured  minimum 
impedance  Zra  differ  by  less  than  10%  up  to  1000 
ohms.  For  higher  Zg,  values,  the  resistance  is 
calculated  from 

Ri 


M 


(z~2  -  z'2r1/2. 


Results  and  Discussion 


High  Temperature  Resistance 

Figure  1  shows  the  electrical  resistance  Rj  at 
series  resonance  between  150  and  350  °C  measured  on 
resonators  fabricated  from  as-grown  and  dried  nit¬ 
rogen  atmosphere  swept  electronic  grade  quartz. 

The  data  is  consistent  with  results  obtained  inde¬ 
pendently  by  King^  and  by  Fraser^ on  natural  and 
electronic  grade  quartz.  These  investigators  have 
shown  that  the  exponential  rise  above  200  °C  is 
associated  with  alkali  impurities,  lithium  in  natu¬ 
ral  crystals  and  sodium  in  synthetic  material. 

The  electronic  grade  quartz  used  in  our  investiga¬ 
tions  was  grown  with  a  lithium  additive,  and  reso¬ 
nators  fabricated  from  this  material  do  not  show 
the  sodium  related  50  K  loss  peak.  We  therefore 
assign  the  exponential  high  temperature  loss  to 
the  lithium  impurity. 
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Figure  1.  High  temperature  electrical  resistance  of 
resonators  fabricated  from  as-grown  and  nitrogen 
swept  Electronic  Grade  quartz. 
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Sweeping  natural  or  electronic  grade  quartz  in 
air  reduces  or  removes  the  exponential  loss,  and 
introduces  a  peak,  centered  around  350  °C.  This 
reduction  in  loss  corresponds  to  the  removal  of  the 
sodium  or  lithium  ions,  while  the  peak  has  been 
attributed  to  the  diffusion  of  the  alkali  impurity. 
The  upper  temperature  range  of  our  measurements  is 
limited  to  350  °C  by  the  physical  survivability  of 
the  high  precision,  5  MHz,  5th  overtone,  AT-cut 
resonators.  In  our  measurements,  the  350  °C  peak 
is  in  evidence  but  it  is  not  completelv  defined. 

The  investigations  of  King  and  of  Fraser,  carried 
out  on  quartz  disks  in  a  ceramic  gap  holder,  were 
extended  to  higher  temperatures  and  clearly  show 
this  peak. 

Currently,  the  most  widely  utilized  material 
for  high  precision  resonator  applications  is  SARP 
grown  and  swept  Premium-Q  quartz.  These  crystals 
are  grown  with  a  lithium  additive.  The  low  and 
room  temperature  acoustic  loss  properties  of  this 
material,  which  shows  no  identifiable  loss  peaks 
between  4  and  400  K,  have  been  reported  exten¬ 
sively.^*^  Figure  2  shows  the  high  temperature 
resonance  resistance  of  as-grown,  vaccum,  and  air 
atmosphere  swept  Preraium-Q  quartz.  In  the  as-grown 
state,  it  is  similar  to  lithium  additive  grown 
electronic  grade  material,  with  the  exponential 
rise  above  200  °C  attributed  to  the  motion  of  the 
lithium  impurity. 


Indicates  that  A1-0H”  as  well  as  other  0H~-related 
bands  are  present  in  both  air  and  vacuum  swept 
samples.  The  absence  of  the  350°C  peak  in  these 
materials  tends  to  rule  out  0H"-ion  as  the  active 
defect.  Additional  experiments  are  needed  to 
clarify  the  mechanism,  or  identify  the  impurity 
causing  this  loss. 

Figure  3  shows  the  high  temperature  electrical 
resistance  of  resonators  fabricated  from  as-grown 
and  air  swept  High-Q  quartz.  Similar  to  all  other 
as-grown  or  natural  quartz,  High-Q  quartz  exhibits 
an  exponential  rise  in  resistance.  As  established 
by  Kingly  the  addition  of  a  lithium  salt  during 
crystal  growth  limits  the  incorporation  of  sodium 
into  the  crystal.  As  expected,  resonators  fabri¬ 
cated  from  this  High-Q  material  grown  without  a 
lithium  salt  additive  show  a  large  Al-Na*  loss 
peak,  2.5x10"^,  at  50  K. ^  The  activation  energies 
for  the  high  temperature  exponential  associated 
with  Li,  Na,  and  K  were  calculated  by  Fraser^  as 
0.72,  0.77,  and  0.92  eV ,  respectively.  The  close¬ 
ness  of  these  values  makes  it  difficult  to  assign 
the  high  temperature  loss  to  a  particular  alkali 
ion.  The  combination  of  high  and  low  temperature 
measurements  can  differentiate  between  sodium  and 
lithium,  and  indicates  that  in  High-Q  quartz  the 
active  compensating  ion  is  sodium. 


,  j  j  2 SO  500  JSO  400 

U1*:«ATU«l  i°t 


Figure  2.  High  temperature  electrical  resistance 
of  resonators  fabricated  from  as-grown,  vacuum 
swept,  and  air  swept  Preraium-Q  quartz. 


Sweeping  Premium-Q  quartz  either  in  air  or  in 
vacuum  removes  the  lithium  impurity  and  corres¬ 
pondingly  eliminates  the  exponential  rise. 

However,  in  neither  case  do  we  observe  a  350  °C 
loss  peak.  The  suggestion  that  the  mechanism 
for  this  peak  is  alkali  ion  diffusion  is  not  sub¬ 
stantiated  by  our  data.  Infrared  data  (Figure  5) 


Figure  3.  High  temperature  electrical  resistance 
of  resonators  fabricated  from  as-grown  and  air 
swept  High-Q  quartz. 

Figure  3  also  shows  that  sweeping  the  High-Q 
crystal  reduces  the  exponential  loss.  The  air 
swept  resonator  shows  a  very  gradual  rise  to  about 
325  °C,  with  a  possible  Indication  of  a  peak  at 
this  temperature.  The  data  has  to  be  extended  to 
higher  temperatures  before  we  can  reach  any  conclu¬ 
sion  regarding  this  peak. 
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Figure  4.  High  temperature  electrical  resistance 
of  resonators  fabricated  from  nitrogen  swept 
Premium-Q  quartz,  subsequently  electrodiff used 
with  L1-,  Na-,  and  K-ions. 

Figure  4  shows  the  high  temperature  electrical 
resistance  of  resonators  fabricated  from  Premium-Q 
crystals  which  were  swept  in  nitrogen  and  then 
electrodiff used  with  various  alkali  impurities. 

The  slope  of  the  lithium  diffused  resonator  is 
similar  to  that  of  as-grown  Premium-Q,  but  the 
curve  is  shifted  towards  higher  temperatures  indi¬ 
cating  a  lower  lithium  impurity  concentration.  For 
the  sodium  doped  material,  the  50  K  loss  peak, 
1.2xlO~5,  is  approximately  one  half  that  of  the 
as-grown  High-Q  crystal.  This  reduced  sodium 
impurity  concentration  shifts  the  exponential  rise 
beyond  the  350  °C  limit  of  our  experimental  data. 

The  electrical  resistance  of  the  K-ion  diffu¬ 
sed  resonator  shows  only  very  slight  changes  up  to 
350  °C.  This  behavior  has  been  confirmed  on  two 
additional  K-lon  diffused  resonators.  Also,  low 
temperature  acoustic  loss  data  indicates  that  these 
resonators  do  not  have  the  210  K  peak**  which  may 
be  associated  with  Al-K+.  It  Is  well  known  that 
it  is  very  difficult  to  sweep  potassium  into  syn¬ 
thetic  quartz,  owing  to  the  potasslun  ionic  size 
relative  to  the  open  channels  of  the  quartz  struc¬ 
ture.  It  is  possible  that  in  our  experiments 
either  the  impurity  was  not  introduced,  or  that  Its 
concentration  is  too  low  for  the  exponential  rise 
to  be  observed  within  the  temperature  range  of 
these  experiments.  (The  infrared  spectra  of  the 
alkali  diffused  materials  will  be  discussed  in  the 
next  section). 

We  have  also  made  preliminary  acoustic  loss 
measurements  on  resonator  disks  in  an  evacuated  ce¬ 
ramic  gap  holder  set-up  similar  to  the  type  de¬ 
scribed  by  Fraser.  With  this  equipment  we  have 


extended  the  temperature  range  of  our  measurements 
to  above  500  °C.  The  as -grown  Premium-Q  disk  was 
was  removed  from  the  resonator  and  measured  in  this 
set-up.  The  exponential  loss  behavior  is  seen  to 
continue  to  above  500  °C.  Extended  high  temperature 
measurements  on  other  disks  reported  on  in  this 
paper  are  in  progress. 

Infrared  Spectra. 

The  infrared  bands  characteristic  of  as-grown 
and  swept  Premium-Q  quartz  are  shown  i  the  85  K 
absorption  spectra  of  Figure  5.  The  principal 
0H“-bands  of  as-grown  synthetic  quartz  are  desig¬ 
nated  as  sj  ,  S2 »  S3,  and  34,  while  those  resulting 
from  the  replacement  of  alkali  ions  by  hydrogen 
near  the  substitutional  aluminum  are  labeled 
and  e2»  The  e-bands  are  always  Introduced  in  air 
swept  samples  with  the  compensating  ion  provided 
by  the  water  vapor  in  the  air.  At  the  same  time, 
no  significant  changes  occur  in  the  s-bands.  In 
vacuum  swept  material,  contrary  to  our  expectations, 
we  do  observe  a  strong  e2~band,  and  at  the  same 
time  the  s-bands  diminish  only  slightly.  This  s- 
and  e“band  behavior  has  been  confirmed  on  other 
samples  swept  in  vacuum  for  periods  of  1  to  4  days. 


Figure  5.  Absorption  spectra  of  as-grown,  vacuum 
swept,  and  air  swept  Premium-Q  quartz  measured  at 
85  K  with  El  z.  A1-0H“  impurity  bands  are  desig¬ 
nated  ej  and  e2,  and  as-grown  hydroxide  related 
bands  as  sj,  92,  83,  and  S4. 
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Hu1  data  shown  in  Figure  5  demonstrates  the 
qualitative  changes  fn  the  infrared  hands  for  as- 
grown,  air,  and  vacuum  swept  crystals.  However, 
it  is  dll  t  Hull  to  establish  .1  quantitative  rela¬ 
tionship  between  the  strength  of  these  hands  he  fore 
and  after  sweeping,  owing  to  variation  in  s-bnnd 
strength  throughout  the  as-grown  crystal.  The 
variation  in  the  s^(358l  cm  /band  along  the  y-axls 
ot  a  Premium-t,)  bar  is  illustrated  in  Figure  b. 

This  type  of  variation  also  occurs  along  the  /.-axis. 
It  is  not  uncommon  that  over  a  2  cm  sample  the 
s^-band  will  varv  bv  a  factor  ot  two  or  more. 


•  a  : 


•  1 


Figure  6.  Variation  of  s/(3581  cm  )  absorption 
band  strength  along  the  crystal  y-axis  for  an 
as-grown  Premium-Q  quartz  bar. 


In  discussing  the  high  temperature  electrical 
resistance  data  of  resonators  (Figure  4)  fabricated 
from  Na- ,  Li-,  and  K-ion  diffused  material,  it  was 
suggested  that  the  potassium  diffusion  may  have 
been  unsuccessful.  farther  evidence  for  this  is 
Indicated  from  infrared  measurements  on  material 
from  which  the  resonators  were  fabricated.  The 
t»2'band  strength  for  Na-  and  Li-ion  diffused  sam¬ 
ples  Is  reduced  to  approximately  one  half  of  its 
initial  value.  This  decrease  in  the  A1-01P  band 
strength  Implies  the  replacement  of  some  hydrogen 
by  alkali  ions  to  form  Al-tf*.  For  the  K-ion 
diffused  sample  the  e2_band  strength  showed  a 
much  smaller  percentage  reduction  by  the  diffusion 
process.  Indicating  very  small  or  negligible 
concentration  of  potassium  impurity. 

Kats^  and  Dodd  and  Fraser  have  reported 
Li -OH  and  Na-OH  related  infrared  hands  for  natural 
and  electronic  grade  quartz.  For  Premium-Q  grade 
quartz  we  do  not  observe  these  hands,  neither  in 
the  as-grown  nor  in  the  alkali  ion  diffused 
state . 


V .1 1  uum  Swept  Mater i a  1 

The  existence  of  the  e-bands  in  vacuum  swept 
material  prompted  us  to  extend  our  investigations 
on  the  formation  of  these  bands.  We  have  performed 
a  series  of  short  term  vacuum  sweeping  experiments 
.m  a  number  of  samples.  Figure  7  shows  the  02(3366 
cm  1  )  and  s^(35Hl  cm  l)  hands  of  two  samples  with 
different  initial  s-band  strengths  as  a  function 
of  sweeping  time  up  to  12  hours.  The  as-grown  S4- 
band  strength  in  both  samples  shows  a  small  initial 
decrease  almost  immediately  after  onset  of  sweeping, 
and  then  reaches  saturation.  Kven  though  most  of 
the  s^-band  strength  change  occurs  before  3  hours 
of  sweeping,  the  e2-band  of  sample  # 2  does  not 
appear  until  after  this  time  period,  while  no  band 
is  present  in  sample  #1  even  after  12  hours  of 
vacuum  sweeping.  Thus  there  is  no  direct  corre¬ 
lation  between  the  formation  of  the  e2~band  and 
the  decrease  in  the  S4“band.  Possible  explanations 
of  this  phenomenon  may  invoke  a  model  in  which  the 
hydrogen  moves  to  Infrared  inactive  sites,  or  simply 
that  the  hydrogen  concentration  in  the  beginning  of 
sweeping  is  too  low  to  be  observed  in  the  infrared. 


Figure  7.  Changes  in  s ^ ( 3581  cm  )  and  e2(3366  cm 
absorption  band  strength  with  sweeping  time  for 
vacuum  swept  Premium-Q  quartz  samples,  measured  at 
8!)  K  with  EX  z. 


Table  l  shows  changes  in  e2~  and  94- band 
strengths  (measured  at  85  K  with  E  X  z)  for  samples 
swept  for  different  time  periods  in  vacuum,  air, 
and  nitrogen  atmospheres.  Sample  if  3  had  a  relati¬ 
vely  large  e2“band  strength  of  0.29  cm-  after 
sweeping  in  vacuum  for  24  hours.  During  the  same 
time  period,  the  s^-band  strength  decreased  to 
about  85%  of  its  initial  value.  After  96  hours  of 
sweeping,  the  e2~band  showed  little  further  change, 
but  the  S4-band  decreased  to  about  7 U %  of  its 
initial  value.  For  sample  #4,  swept  in  air,  the 
pT'band  is  observed  almost  immediately  and  reaches 
close  to  its  full  strength  after  12  hours  of 
sweeping.  Strong  ej- bands  are  Introduced  at  all 
sweeping  temperatures  in  the  nitrogen  swept  samples. 
Also,  the  rate  of  increase  of  e2_hand  as  a  function 


Table  I.  Influence  of  Sweeping  Parameter  on  Infra¬ 
red  Band  Strength  (Preraium-Q  Quartz,  1000  V/ cm, 

500  C). _ 


Sample 

# 

Total 
Time 
( hours) 

Sweeping 

Method 

Band  Strength 

e2 

(3366  cm""4) 

Change  cm-1 
s9  , 

(3981  era- * ) 

i 

12 

vacuum 

0.00 

-0.09 

2 

12 

vacuum 

0.04 

-0.04 

3 

29 

vacuum 

0.29 

-0.05 

3 

98 

0.27 

-0.08 

3 

96 

0.26 

-0.10 

4 

12 

air 

0.22 

0.00 

5 

29 

nit  rogen 

0.92 

0.03 

5 

96 

0.  31 

-0.07 

b 

168 

nitrogen 
(400  °C) 

0.46 

0.06 

7 

168- 

ni trogen 
(550  °C) 

0.33 

-0.05 

of  sweeping  time  appears  to  vary  from  sample  to  sam¬ 
ple  for  all  the  sweeping  processes.  All  the  vacuum 
swept  samples  show  a  decrease  in  as-grown  S4~band 
strength,  but  air  or  nitrogen  swept  samples  exhibit 
changes  In  either  direction. 

It  was  anticipated  that  sample  //l,  vacuum  swept 
for  12  hours,  showing  decreased  as-grown  hydrogen 
related  bands  and  no  A1-0H-  bands,  might  have  a 
large  concentration  of  Al-e*.  ESR  measurements  on 
this  sample  do  not  exhibit  any  resonances  associated 
with  the  Al-e  center. This  raises  the  general 
auestion  whether  it  is  feasible  to  introduce  Al~e+ 
in  ot-quartz  by  the  sweeping  process.  To  the  best 
of  our  knowledge,  all  the  investigations  on  alumi¬ 
num-hole  centers  in  synthetic  quartz  reported  on 
in  the  literature  were  produced  either  by  irradi¬ 
ation  or  by  vacuum  sweeping  above  the  phase  tran¬ 
sition  temperature,  573  °C.  Once  Al-e*  is  intro¬ 
duced  In  the  hexagonal  phase  It  remains  stable  when 
the  quartz  is  converted  to  the  trigonal  ot -phase, 
but  data  taken  on  such  a  sample  may  not  be  repre- 
sentitive  of  flt-quartz.  In  addition,  the  crystal 
twins  when  raised  and  lowered  above  and  below  the 
phase  transition  taaperature  and  this  makes  it 
useless  for  resonator  applications. 

In  summary,  «•  were  unsuccessful  in  obtaining 
clear-cut  signatures  of  vacuum  swept  Ot-quartz 
with  the  experimental  techniques  of  low  or  high 
temperature  acoustic  loss,  infrared  spectroscopy, 
and  ESR.  We  are  further  investigating  these 
effects  to  elucidate  the  defect  mechanisms  involved. 
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Summary 

This  paper  presents  the  experimental  results 
on  the  properties  of  quartz  crystal  resonators  at 
cryogenic  temperature  and  their  application  to 
highly  stable  oscillators. 

Properties  of  quartz  resonators  have  been  meas¬ 
ured  for  two  different  types  of  crystals:  5  MHz  res¬ 
onators  of  the  BVA2  design  (  electrodeless  design  ) 
and  5  MHz,  5th  overtone,  AT  cut  resonators  of  a  con¬ 
ventional  design.  The  Q  is  increased  about  one 
order  of  magnitude  at  4.2K.  No  significant  increase 
in  Q  factor  below  4.2K  has  been  obtained  in  either 
type  of  resonators.  The  temperature  coefficient 
near  2K  is  greatly  reduced  compared  with  the  value 
at  4.2K  for  one  sample  of  both  types  of  crystals. 

The  BVAp  sample  shows  the  temperature  coefficient  of 
3xlO'10/K  at  2K.  The  amplitude  frequency  effect 
taken  near  2K  for  the  same  crystals  shows  that  the 
frequency  versus  dissipated  power  in  crystals  is 
very  steep  above  10' 7W. 

Some  results  of  the  oscillator  system  stabi¬ 
lized  with  the  cryogenic  temperature  crystal  resona¬ 
tor  are  given. 

Introduction 

Because  of  their  excellent  short  term  stabil¬ 
ity,  low  volume  and  weight,  low  cost  and  low  power 
consumption,  quartz  crystal  oscillators  are  indis¬ 
pensable  componentz  for  precision  oscillator  sys¬ 
tems  . 

Atomic  frequency  standards  generally  also  em¬ 
ploy  quartz  oscillators  as  the  slave  oscillator  so 
that  their  short-term  stability  is  that  of  the  crys¬ 
tal  oscillator.  In  order  to  reach  high  frequency 
stability  in  as  short  a  time  as  possible,  high  sta¬ 
bility  quartz  crystal  oscillators  are  required. 
Therefore  the  quest  for  improved  quartz  crystal  os¬ 
cillator  stability  still  remains  extremely  important 
and  pertinent. 


* 

This  work  is  being  performed  at  the  Frequency  and 
Time  Standards  Division,  National  Bureau  of 
Standards,  Boulder,  CO.  80303. 


To  improve  the  problem  of  both  short-term  and 
long-term  stability  in  quartz  oscillators,  the  pas¬ 
sive  dual  crystal  system,  in  which  a  voltage  con¬ 
trolled  oscillator  (VC0)  having  good  short-term  sta¬ 
bility  is  locked  to  a  passive  quartz  resonator,  is 
suggested  and  the  frequency  stability  of  oy=6xl0'lu 
has  been  reported.  O)  Final  long-term  stability  of 
this  system  depends  almost  entirely  on  the  physical 
stability  of  the  passive  crystal  unit. 

One  approach  to  the  problem  of  long-term  sta¬ 
bility  is  to  maintain  a  crystal  unit  at  cryogenic 
temperature.  Some  of  the  advantages  of  using  cryo¬ 
genic  temperature  are  improvement  of  aging  and  Q 
cactor,  and  the  simplification  of  temperature  regu¬ 
lation,  i2'4) 

In  this  paper,  the  application  of  the  cryoge¬ 
nic  temperature  crystal  resonator  to  the  passive 
dual  crystal  system  is  studied. 

Properties  of  quartz  crystal  resonators 

The  Q  factor  (unloaded  Q)  of  quartz  resonators 
has  been  measured  for  two  different  types  of  quartz 
resonators;  5  MHz  resonators  of  the  BVA2  design 
(electrodeless  design)'^)  and  5  MHz,  5th  overtone, 
AT  cut  resonators  of  a  conventional  design. 

Highest  Q  of  10  samples  of  the  BVA2  resonators 
is  4x10*  at  4.2K  and  highest  Q  of  4  samples  of  the 
conventional  resonators  is  8.6x10s  at  4.2K.  No 
significant  increase  in  Q  factor  below  4.2K'°)  has 
been  obtained  in  either  types  of  resonators.  The 
frequency  variation  between  300K  and  4.2K  is  appro¬ 
ximately  6  KHz  for  both  resonators. 

The  variations  of  frequency  with  temparature 
below  4.2K  for  one  sample  of  both  types  of  crystal 
is  shown  in  Fig.  1.  In  both  cases,  the  temperature 
coefficient  near  2K  is  greatly  reduced  compared 
with  1.2x10'6/K  at  4.2K.  The  BVA2  resonator,  which 
is  synthetic  Russian  quartz  AT  cut,  shows  the  tem¬ 
perature  coefficient  of  3xlO‘10/K  at  2K,  which  is 
less  than  that  of  superconducting  cavities'4)  at 
1.3K. 

The  amplitude  frequency  effect  is  an  important 
characteristic  of  precision  crystal  units.  This 
effect  is  a  limiting  factor  for  drive  level  in  cry¬ 
stal  units.  Fig.  2  shows  the  amplitude  frequency 
effect  taken  near  2K  for  the  same  crystals  as  shown 


335 


in  F i q .  1.  Q  factor  and  coupling  factor,  e,  to  the 
50  ohme  transmission  line  are  also  given  in  Fig.  2. 
It  is  observed  that  the  freguency  versus  drive 
power  is  very  steep  above  10'7  watts  at  cryogenic 
temperatures.  The  BVA;  sample  shows  a  "turn-over" 
point  versus  drive  power. 

The  amplitude  frequency  effect  of  quartz  crts- 
tal  resonators  are  due  to  two  different  physical 
mechanisms.'7)  The  first  is  the  thermal  effect  and 
the  second  is  non-linearity  in  the  stress  strain 
relation.  The  specific  heat  of  quartz  is  extremely 
decreased  at  cryogenic  temperature.  At  10K,  speci¬ 
fic  heat  of  quartz  is  7xl0"4  joule/g- K.  (8;  if  the 
Debye  approximation  is  assumed  below  10K,  the  speci¬ 
fic  heat  at  2K  is  equal  to  5.6xl0'f  joule/g^K.  Both 
the  low  specific  heat  and  small  weight  of  a  crystal 
unit  imply  the  possibility  that  the  thermal  effect 
may  become  more  dominant  at  cryogenic  temperature. 
The  frequency  amplitude  effect,  however,  taken  at 
4.2K  for  the  same  crystals  where  the  temperature 
coefficient  is  almost  ten  times  of  that  at  2K,  did 
not  show  any  noticeable  change  to  the  results  shown 
in  Fig.  2. 

£assjve_ Dual  Crystal  System  and  its  Stability 

The  passive  dual  crystal  system  has  been  used 
for  frequency  stabilization  with  cryogenic  tempera¬ 
ture  crystal  units.  This  system  shown  in  Fig.  3  is 
similar  to  the  one  presented  in  [1]  except  for  the 
synthesizer. 

The  same  sample  of  the  BVA2  design  shown  in 
Fig.  1  and  Fig.  2  was  chosen  for  this  system  be¬ 
cause  of  its  small  temperature  coefficient.  S,  the 
sensitivity  of  the  discriminator,  is  proportional 
to  O-'PJ,  where  P<j  is  dissipated  power  in  a  crystal 
resonator.  Larger  S  can  be  realized  also  in  the 
sample  of  the  BVA^  design. 

Pd  is  set  to  -51  dBm  which  is  turn-over  point.  This 
drive  level  is  much  lower  than  that  at  room  temper¬ 
ature,  typcially  Pd=luw,  0=2x10^.  However,  Q»/Pd" 
of  the  sample  at  2. OK  is  more  than  twice  of  that  of 
the  typical  crystal  unit  at  room  temperature. 

The  oven  was  regulated  at  2. OK.  The  perfor¬ 
mance  of  the  temperature  controller  was  monitored 
during  experiments  by  a  germanium  thermometer.  The 
temperature  of  the  oven  was  maintained  within 
9.1xlO"rK.  The  example  of  the  record  is  shown  in 
Fig.  4. 

The  measured  fractional  frequency  stability  of 
the  system  is  shown  in  Fig.  5.  In  this  system,  the 
residual  FM  noise  of  a  synthesizer  is  low  pass  fil¬ 
tered.  The  stability  of  the  system,  however,  is 
almost  unaffected  by  the  residual  noise  of  the  syn¬ 
thesizer  as  shown  in  Fig.  5.  The  measured  noise 
floor  is  8.2x10"'"'.  This  value  is  much  worse  than 
expected  from  the  static  properties  and  the  achieved 
temperature  regulation. 

Study  of  Freguency  Fluctuation 

The  spectral  density  of  frequency  fluctuations 
of  the  system  output  is  given  by 


Sy(f, system)  =  Sy(f,VC0)  jy  * 

G ( f )  is  the  open  loop  frequency  response  function. 

As  Vx,  the  output  voltage  of  the  discriminator,  is 
proportional  to  the  frequency  fluctuation  of  VCO, 
the  spectral  density  of  V*  was  measured  to  check 
the  system  performance.  Results  are  shown  in  Fig. 6. 
The  second  order  loop  filter  reduces  the  frequency 
fluctuation  by  12  dB/octave  at  fourier  frequency 
below  4  Hz''0).  It  will  be  observed  that  suffi¬ 
cient  loop  gain  is  obtained  for  the  long-term  sta¬ 
bility.  The  measured  sensitivity  of  the  discrimi¬ 
nator  is  39.5  V/Hz.  The  calculated  spectral  density 
from  the  data  of  Fiq.  5  is  also  shown  in  Fig.  6. 

Measured  thermal  noise  of  the  electronics  at 
the  output  of  the  discriminator  is  3.5xl0'r’  V/Hz  at 
fourier  frequency  between  0.03  Hz  and  10  Hz.  The 
power  spectrum  of  frequency  fluctuations  due  to 
thermal  rcise  is  given  by 

Sy(f)  =  3.2  x  10"?6/Hz 

Under  this  condition,  the  rms  fractional  frequency 
fluctuations  due  to  the  noise  in  the  electronics  is 
given  by 

Oy ( T )  =  1 .3  X  10"1 

Instability  of  the  phase  due  to  the  temperature 
coefficient  of  the  transmission  line  conducting  the 
rf  power  to  the  crystal  causes  a  frequency  drift. 

The  measured  frequency  offset  is  1.5  x  10"2  Hz/m, 
which  causes  a  fractional  drift  rate  of  approxi¬ 
mately  5  x  10"'4/<>C  for  one  meter  copper  rigid 
coaxial  cable. 

The  drift  of  the  d-c  amplifier  in  the  filter 
circuit  also  causes  frequency  fluctuations.  The 
voltage  drift  for  the  device  used  in  this  system  is 
less  than  4.5  uV/°C,  which  causes  a  fractional  fre¬ 
quency  rate  of  approximately  2  x  10'1‘7°C. 

The  above  effects  show  that  the  noise  floor  of 
frequency  fluctuations  in  the  current  system  would 
reach  a  few  parts  per  1014. 

The  measured  noise  floor  appears  to  be  caused 
entirely  by  the  frequency  fluctuation  of  the  passive 
crystal  unit  itself.  One  of  the  most  likely  reasons 
for  this  rather  poor  performance  is  due  to  the  neg¬ 
lect  of  the  dynamic  temperature  frequency  behavior 
of  the  crystal.''')  Warner'’)  shows  that  for  a 
10  MHz,  AT  cut  crystal,  the  temperature  gradients 
have  a  greater  effect  than  is  indicated  by  the  tem¬ 
perature  coefficient  at  4.2K. 

Conclusion 

The  temperature  coefficient  of  quartz  crystal 
resonator  is  extremely  low  near  2K.  A  5  MHz  reso¬ 
nator  of  the  BVA?  design  show  a  temperature  coeffi¬ 
cient  of  3  x  10"'°/K  below  2K.  Although  the  drive 
level  of  a  crystal  unit  at  cryogenic  temperature 
must  be  held  at  a  low  value,  the  increased  Q  makes 
it  possible  to  maintain  the  sensitivity  of  the  dis¬ 
criminator  at  a  higher  level  than  at  room  temperature. 
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The  passive  dual  crystal  system  stabi 1 i zed  wi  th 
a  crystal  resonator  of  the  BVA-  design  at  2K yielded 
the  noise  floor  of  frequency  stability  as  low  as 
8.2x10"' Studies  of  frequency  fluctuations  due  to 
electronics  of  this  system  show  that  this  noise 
floor  is  entirely  limited  by  the  frequency  fluctua¬ 
tion  of  the  crystal  unit  under  the  test. 
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He  r  z 


Fio.  3.  Block  diagram  of  the  passive  dual  crystal  system,  in  which 
a  VCO  having  good  short-term  stability  is  locked  to  a 
crystal  resonator  frequency  discriminator. 
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Summary 

The  dynamic  thermal  behavior  of  a  quartz 
resonator  is  nosed  by  nonuniform  temperature  dis¬ 
tributions  in  the  structure  of  the  resonator, 
winch  are  time  dependant. 

These  temperature  gradients  occur  in  the 
•r.ystal  plate  and  in  the  supports.  Both  effects 
.  .  ntribute  t  •  the  total  dynamic  thermal  behavior 
id  the  res  nat or. 


Theoretical  formulae  of  supports  cont.ribu- 
t ion  to  the  frequency  change  is  then  the  superposi¬ 
tion  of  two  terms.  The  first  one  represents  the 
slat i<  effect ,  the  second  one  repg^sents  the  dyna- 
mi«  effect  and  is  of  the  form  a  — .  The  dynamic 
coefficient,  a  of  the  whole  resonator  is  the  sum  of 
the  coefficient  a  of  the  crystal  and  the  coeffi¬ 
cient  i  of  the  support. 

Diametric  forces  acting  on  the  crystal  plate 


A  mode!  of  the  static  and  dynamic  thermal 
behaviors  !  the  supports  is  presented.  It  is  ap- 
;  ! i e j  to  regular  commercially  available  resona- 
The  dynamic  temperature  coefficient  a  of 
supports  is  derived.  Its  value  is  evaluated 
•  :  AT  ar:<l  .'-'.'-ruts  and  compared  to  exper  i  merit  a  i 
t  .  ,'urev. . 
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The  resonator  is  constituted  by  a  circular 
quirt?,  plate,  of  diameter  L>  and  thickness  e,  and 
by  a  glass-metal  header  on  which  two  stiff  metal 
supports  are  mounted,  as  shown  on  fig.  1. 

Each  support  is  composed  of  a  folded  metal 
plate  (width  a,  thickness  b  and  length  l )  which 
is  welded  on  a  cylindrical  rod  (length  h  and  sec¬ 
tion  S'.  In  the  initial  state  the  crystal  and  the 
mount  mu'  are  in  thermal  equilibrium,  and  it  is 
cons  id»-red  that  rio  forces  are  applied  to  the  crys¬ 
tal  by  the  mounting. 

When  an  external  thermal  perturbation  occurs 
the  thermal  equilibrium  is  modified  and  each  of 
tFe*  components  of  the  resonator  is  submitted  to  a 
temperature  change  following  the  notation 

t  J  for  the  header  which  is  supposed  to 
have  n  uniform  temperature  distribution 

0  (y.t)  for  a  cross  section,  of  coordinate 
y,  of  the  cylindrical  rod 

()  j  (  t  )  for  the  junction  between  rod  and  plate 

n  ( X  *  t )  for  the  cross  section,  of  coordinate 
x,  of  trie  plate 

iL.lt.'  for  tFie  electrodes,  which  are  deposi¬ 
ted  on  tFie  main  faces  of  the  quartz  crystal  and 
with  are  considered  as  isothermal  planes 

0  ( x  ,  t.  l  for  thy  cross  section,  of  coordina¬ 
te  x)t  of  the  crystal 

finally  0  (t)  is  the  mean  temperature  of  the 
crystal.  Q 
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Temperature  distribution  in  the  supports 
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<">  1 1.  )  is  rhooseri  as  reference^  temperature. 

To  express  0^(t)  and  0  (t  )  versus  0^(t  }  it  heroines 
necessary  tn  study  heat  transfer  in  the  cylindri¬ 
cal  r*  *d  and  in  the  metal  plates. 

These  calculations  are  similar  to  those  of 
ref.  (  and  lead, as  a  first  step,  to  temperature 
in  any  point  of  the  plate 
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where  *  ^  is  th»*  thermal  di  ffus:  vi  ty  constant  of 
pit  t  e  ft  .vt  <»r  i  a  1  . 


the  "I*  1  a  1  plate;:  |fld 


;  . at  1  /  •  rvs  t  .i  1  d  i  i- 


Id  1  is  obtained  by  integration  ignoring  the 
higher  order  derivatives  >fn  t  (  t  i  and  0^(t(.  Tempo 
ratiire  is.  assumed  to  he  slowly  variable  with  time 
and  line  obtains 
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t  i  -  /  fl(x,t)  dx  is  obtained  through  eg. 


i  I4;,  ei|,  t]  7)  and  eq.  (18) 


Since  heat  transfer  m  the  *  yl  indrn  .il  rod 
is  similar  to  the  previous  -ase.  the  v-triaM  -n  -d 

temperature  0  (y,t)  in  a  cross- se.  t i . m  J  . rd ;  - 

nate  y  in  the  cylindrical  rod  .-an  be  wr  itten 
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where  «l-  is  the  thermal  diffusivity  •  «.etli<  e-ni  ..f 
r 

rod  material. 

Using  eq.  ill)  and  eq.  M.’j  in  addition  with 
heat  conservation  law  at  the  rod-plate  junction 
yields  a  relation  between  0^  {  t  )  and  t  ) 

0  (  t  i  Of  t  >  -  - -  0,,l  t.  I  'ill 

J  H  ir.tr  H 

2. 


For  simplification,  the  thermal  diffusivi- 
ties  of  material  in  rod  and  plate  have  been  •  orisi- 
dered  equal,.  In  addition  the  term  —  of  the  or¬ 
der  of  10  '  has  been  ignored  by  respect  to  unity. 

From  eq.  <11)  and  eq.  I  1< )  G(x,t  1  is  obtai¬ 
ned  : 
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Temperature  variation  inside  the  crystal  is 
obtained  from  ref.  f l  •  : 

1  t'2  * 

n  (x,,t  1  0  <  1. 1  ♦  - —  (x?  -  -1  o  m  (I'M 

g  ?'  f  .•*  /  4  k 

where  •  is  the  thermal  d  iff  us  ivity  ...efficient  of 

g 

quartz  in  x  direction. 


An.ilytj.al  express  1  ■  >n  of  frequency  deviati  it  1 
Fq.  t  IH1  and  eq  .  (  t  *  *  >  are  introduced  .  j,  »*q ,  • 
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\  ■  t 


I  » 


S  1  s  in*4 


—  J  o. 


Under  those  conditions,  frequeri« 
an  hr*  expressed  from  eq.  1  |  1  arid  eq. 
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where  a  and  a  are  the  stato  and  dytiatri.  »ie*rmal 
s  s 

<  oei  f  ic  lent.s  related  to  the  only  effe.  ♦  ■.*  fixa¬ 
tion  type. 

These  coefficients  are  giver,  by 
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It  can  be  seen  that  a  is  proportional  to 
the  differential  expansion  of  quartz  plate  with 
respect,  to  the  support  configuration,  and  that  a 
is  only  related  to  expansion  of  support  configura¬ 
tion.  As  a  consequence  a  resonator  whose  supports 
have  no  thermal  expansion  yields  a  dynamical  beha¬ 
viour  without  influence  of  the  supports. 


Heat  1  conservation  laws  and  eq.  f  J4)  with  eq . 
(  1  r>  ■  yield 

1  r 

0,,(  t  )  G  (  t  )  ♦  0  <  t.  )  7 - ~  (It.) 

H  K  K  <>k  ( 

4  4 

where  f*  and  are  the  spec  ifi<  heat  t  apa-  ities 
of  quartz  plate  and  metal  plate. 


Numerical  evaluation  has  been  made  for  a 
regular  l>  MHz  fifth  overtone  resonator  of  AT  and 

Sr  cuts  : 


AT-cut. 
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Q  (  t  )  in  the  crystal  is  obtained  f  rom  eq.  <  l'.i 

-  1  *  ‘  eJ  • 

0  -  /  0(x,,ti  dx  o,.ft!  -  — —  0  r  t 

0  e  .  t  S  K  I.’*  F 

-e/,  g 


-10 


-8.1  x  1 0 


a  =  +  8.J  X  in  s/°r 


342 


total  dynamic  t  emperat  ur«‘  inefficient, 

i  i  •  t  ,  was  measured  «»n  c  MHz 

pet.-  support 

it  piirt.*  r**:»' >nat ors  mounted  with  supports  of 
V;*-  *  v[  r  h-.  i'il  »<’■<!  on  fig.  I.  The  resonator  was 
-r  •  .  r  t  ►..  *  t.  mus-u.ial  t  emperature  cyclings  hy 
■  .  ng  *  pr  ogrunmah  1 e  t  ♦■nprrut  ure  font  r<  1 1  I  ed  oven. 

.*.•  *  -t  i'i  t  enpnrat  lire  variation  was  H'-f  and  t  h*- 

;  •  r  ;  •  ■  1  -t  i  cycle  oh"  s.  I‘he  f  orrespond  i  ng 

v-  ;  i*  ii  ,-y-f  emperature  pattern  is  shown  on  1  ig. 
i*.  !  the  dynamic  t  errpe  rat  u:  *•  t  !' i  f  i«»nt  is  a 

Then  the  two  supports  •  !  the  resonator  were 
in  order  to  reduce  the  ^npi  •  i  t  width  hv  an 
it  ,!,t  -a  e.oy-  at  a  point  lofat*  d  at  -r i* -  thir«l  ■  t 

*!,*•  :  •♦al  length  from  the  bottom,  as  shown  in  the 

ft  .f  fig.  <. 

The  a  f  or  1  f  i  <•  i  **r;  t  was  measured  aga  l  n  .  The 
rtf  {  i  r  i  i  i  i :  i  y  lirig  'irv*  ,is  given  »n  fig.  ‘  and 
.  *  *  i;  :  -  in  1  t  ha t  a  .  .  1 

grinding  >1  the  support  has  two  effects, 
it  i  f  ■ .  i  ,  ♦  th»*  ;t  i  t'fiu*;;s  thr  met  a  l  plate  and  it 
••  -l  hi-  -lit  fusion  ot  h'-, at  t  ro"*  the  header  to 

Vs-*  r  ■  y .  •  v  i ,  Ilf  tirst.  ett*.  t  has.  a  small  influen- 
:  .it  *he  :.*>* ->rid  .;im-  rises  up  the  thermal  gra- 
ti*-nts  am  t  h>*re !  or**  ;  n-  ro.is'oi  tie*  a  .  oe  f  f  l  r  l  ont  . 
lb*-  f.xaM-’ti  I-  'infs  of  t.he  crystal  plate  are 

;  --ate-!  on  i  d  lime  ter  which  mak*‘s  an  >*t  V 

with  r<-s|  *  t.  the  axis  >1  the  crystal.  This 

position  .  .rresporri:-.  to  a  maximum  of  t  tie  lot-e- 
sensitivity,  whndi  makes  t.he  influence  of  Un*  d.yria- 
niif  thermal  hehavi  r  <A  t.he  mounting  mich  more 
important  as  it  appear  -  fn»r  the  <  ornpar  i  son  bet¬ 
ween  the  two  curves  ot  Mg.  <• 


COtlC  l  ’  IS  l-'Il 

The  t. or.tr ibut  ion  'd  the  support:;  to  the 
first  order  statu-  temperature  '-.efficient  ot 
.juartz  resonators  is  of  the  «>rd^r  of  1*)  /°C  tor 

1 j t  resonators  and  a  few  10  /*<*  for  ATcut  reso¬ 
nators.  Much  an  order  of  magnitude  :»t.  ill  is  small 
when  compared  to  t.he  maximum  slope;,  of  the 
(  requenr  y-t  emperature  charact  er  is  t  i  r  s  and  therefo¬ 
re  the  static  influence  of  the  supports  mainly 
appears  as  a  shift  <>f  the  turn  over  point  by  an 
amount,  of  .I'M’. 

for  t.he  dynamic  thermal  behavior,  the  re¬ 
sults  are  to  be  compared  to  the  experimental  va¬ 
lues  already  measured,  which  correspond  to 
-1  .  Js/°f  for  ATcut  and  to  txl1)  s/’M’  for  SC- 

fut.  If  the  influence  of  the  supports  can  be  ne¬ 
glected  for  AT-c.it,  it  is  not  the  *  ase  for  ;><’-(  ut 
and  both  dynamic  effects  in  the  supports  and  in 
the  crystal  must,  be  taken  into  account.  Even  a 
compensation  between  both  effects  could  he  possi¬ 
ble  by  adjusting  the  position  of  the  fixation 
points  and  the  geometrical  parameters  of  the  sup¬ 
ports  . 


The  authors  would  like  to  thank  <i.  Marian¬ 
ne. *ui  and  H.  I’n'i.d  of  CNHS  fw  pr- -v  j  «i  mi-.  » 1  i-  expe¬ 
rimental  data  ■  1 1  the  111 ‘-cut  resonator  w.tli  rri<  |  — 

fled  supports. 

kef  f-r-f-i,:  . 

i  I  >  (1.  IheobaM  and  al,  "Uynaini*  thermal  tc-havim* 
of  .ju.irt/.  r*'S'’ii.'i!  r  ..",  '  J  Ah-'  .,  l'V'u. 

i.’l  H.K.  f-inh  »,  H.l-  .  'I  i  er : ;  t  »*n  ,  "  I'rariM  *-r,  *  thermal¬ 
ly  induced  (rj,*{uen<y  "X1  ufscii  m  d-.ijbly  r-  Vi- 

t*  d  piart  y.  tfu  kness  r*-soriat  Mtf 

AK< ,  1  AH  :. 

1  ‘  i  A.  Hal  lain,  .».k.  Vig,  "Advan*  .  m  Vi«-  •  at.  i  i  i  - 

t  y  ->1  high  pre*-i:;ion  •,ry:;t.al  eit  t  ora"  , 

m  i .  i  • 

i  1  I  .  f 1 .  herd  iguei- ,  "Kt  ude  -i<-  1  '  i  nf  1  u**n<  *-  -fe-i  t  ir  ¬ 
es  sur  la  f  rentier!*  e  d  1  un  res.  .r*at  »Mir-  a 
•piartz",  These  .Je  hoc  t  eur- 1  ngen  :  **ur  ,  .*■••  •  ir;<,ori 
lavril  1M7M. 

(vi  p.  jarnaud,  [..  Nissim,  J.J.  tJagnepairi,  "Analy¬ 
tical  calculation  of  initial  stress  "ffe-t;;  -ri 
.in  i  sot.rop  i  c  crystals  :  appl  ic-at  j  >n  to  i-i'irV 
resona t ors" ,  Vnd  AKCS,  rf/H. 

•  f i  i  H  .  Holland,  "Nonun  i  form  1  y  heated  an  i  :a -*  r-  -p  l ' 
plates  :  I.  Meehan i  al  distorsiori  and  relaxa¬ 
tion'*,  IKKK  Trans.  :uni<’s  and  H 1  trasoni  ■  , 

v  i  *  J  .  l.dt-71,  n°'t  (July  197/1'. 

\J)  w.:.  far's  law ,  J.C.  Jaeger,  "fondue  t  ion  of  t»e-it 
in  1 1  ids",  Oxfor-.J  University  f'ress,  l.-nd-m 
I  1  9‘.M  ■■  . 

■  )  H.H.  Dwight,  "Tables  of  integrals  and  other 

nathematnal  data",  Fourth  Edit  ion,  Mac  Mil  lan 
I  ’lit*  1  i  sh  i  rig  Co,  Inc.,  New  York  (  1 '*<.»!  t. 


p(t> 


0  0 


tig  t  CONFIGURATION  OF  THE  SUPPORTS  OF  THE  RESGNAT  CP 


f(t)  »inO 


fig  2  FLEXURE  OF  THE  SUPPORT 


T«mp#ratur«  I'C) 


fig  3  DYNAMIC  THERMAL  BEHAVIOR  BEFORE  AND 
AFTER  MODIFICATION  OF  THE  SUPPORTS 


3. 


Pr-oc.  35th  Ann.  free).  Control  Symposium,  HSAERADf.OM,  Ft.  Monmouth.  NJ  07703.  May  1981 


COMMERCIAL  SATELLITE  NAVIGATION  USING  SAW  OSCILLATOR 


B.  Y.  Lao,  N.  J.  Schneier,  D.  A.  Howe ,  R.  1. .  Dietterle 
Magnavox  Advanced  Systems  and  Products  Company 
Torrance,  California  0050} 

J.  $.  Schoenwald,  E.  J.  Staples,  J.  Wise 
Rockwell  International  Corporation 
Thousand  Oaks,  California  91360 


ABSTRACT 

A  ]75  MHz  SAW  resonator  controlled  oscillator  is 
developed  for  application  in  the  Transit  satellite 
marine  navigation  system.  The  SAW  oscillator,  in  a 
two-cubic- inch  hybrid  package,  contains  a  heater,  a 
voltage  regulator  and  a  divider  and  is  a  direct 
replacement  for  a  bulk  wave  oscillator  and  its  mul¬ 
tiplier  chain.  Short  term  stability  of  2E-10  and 
aging  of  3E-8/day  were  achieved  at  75  °C.  Compar¬ 
ison  tests  showed  that  the  navigation  system 
accurary  with  the  SAW  oscillator  was  equivalent  to 
a  bulk  osc i 1 lator 


INTRODUCTION 


The  application  of  a  surface-acoustic-wave  con¬ 
trolled  oscillator  in  a  commercial  transit  satel¬ 
lite  marine  navigator  and  the  test  results  will  be 
presented . 

The  MX  1102  marine  navigation  system  operates  in 
the  I’HF  band  at  400  MHz.  The  Transit  satellites 
circle  the  earth  in  107-minute  polar  orbits  at  an 
altitute  of  600  nautical  miles.1  The  orbits  do  not 
rotate  with  the  earth  so  that  every  point  on  the 
earth’s  surface  passes  under  each  of  the  six  orbits 
approximately  twice  a  day.  The  signal  transmitted 
by  the  satellite  contains  orbital  information 
regard i rig  the  position  of  the  satellite  and  the 
GMT .  Updating  by  ground  stations  keeps  the  infor¬ 
mation  an  urate.  The  navigation  receiver  detects 
the  signal  and  obtains  the  location  of  the  satel¬ 
lite  as  a  function  of  time.  Using  this 
information,  the  retiever  calculates  its  location 
mi  a  least -square  solution  which  best  fits  the 
Doppler  shifts  observed  in  the  satel’ite  signal/ 
In  addition  to  location  fixes  th»  •  obtained,  the 
navigator  also  provides  dead  reckoning  between 
fixes  based  on  inputs  of  the  ship's  speed  and  head¬ 
ing. 

In  the  detection  process,  the  RF  signal  from  the 
satellite  is  first  down-converted  to  25MHz  by  the 
use  of  a  mixer  and  a  local  reference  signal  at 
WSMHz  The  Doppler  shift  is  generally  small 


l8KH*z/r>mi  n) ,  and  the  stability  of  the  local 
oscillator  directly  determines  the  system  fix  accu¬ 
racy.  Therefore  a  high  stability  LO  is  required. 
Fig.  1  is  a  block  diagram  of  the  RF  section  of  the 
navigation  reciever.  The  local  oscillator  signal 
is  normally  generated  by  multiplying  a  precision 
5MHz  quartz  bulk-wave  oscillator  output  to  375MHz. 
This  approach  suffers  from  the  large  volume  occu¬ 
pied  by  the  crystal  oscillator  and  the  associated 
multiplying  chain  and  its  relatively  high  cost. 

These  problems  can  be  solved  by  replacing  the 
crystal  oscillator  and  the  multiplier  chain  by  a 
more  compact  SAW  oscillator  with  a  fundamental  fre¬ 
quency  at  375MHz.  This  technique  leads  to  poten¬ 
tial  cost  savings  due  to  the  ability  to  batch 
process  SAW  resonators.  The  critical  requirements 
for  the  local  oscillator  are  stabilities  of  IE- 1 0 
for  1  to  100  sec  averaging  time,  7E-10  for  1000  sec 
and  2E-9  per  day  aging.  The  oscillator  frequency 
is  required  to  be  within  1  ppm  of  375MHz  because  of 
the  limited  pass  band  of  the  IF  stages.  Other 
requirements  are  to  supress  spurious  and  harmonic 
outputs  to  less  than  60dB  below  the  desired  output; 
operation  in  an  ambient  temperature  of  -20  to  65  C; 
a  frequency  load  stability  of  -IE-9  for  a  10^ 
change  in  the  SO  ohm  output  load  and  a  frequency 
voltage  stability  of  -5E-9  for  a  10%  change  in  the 
supply  voltage. 


SAW  RESONATOR 

For  this  purpose,  SAW  resonators  were  fabricated 
on  ST-quartz  cut  to  provide  a  turning  point  of  75 
t.  They  are  single  port  devices  using  shallow 
groove  reflective  gratings  and  are  evacuated  and 
sealed  in  TO-5  rans . 

The  single  port  design  was  chosen  over  a 
two-port  design  because  of  its  lower  gain  require¬ 
ment  which  means  fewer  oscillator  components  and 
lower  cost.  The  resonator  was  designed  to  operate 
in  its  series  resonance  mode  with  a  series 
impedance  of  about  50  to  100  ohms. 

During  the  fabrication  process  over  200 
metal i zed  patterns  (40A  of  Cr  and  1000A  of  Al)  are 
photo] i t hograph i ca l ly  formed  on  a  2"x2"  quartz 
substrate  (x  -propagating,  34*  rotated  for  75  C 


turnover).  After  spot-* heck  probing  of  random 
devices  a  second  masking  with  photoresist  js  used 
to  protect  the  transducers  during  CK4  plasma  etching 
to  form  grooves  in  the  reflector  portion  of  the 
dev  nr.  Following  etching,  the  resist  is  removed 
and  the  wafer  is  spot  probed  again.  The  wafer  is 
then  diced  into  chips  which  are  mounted  on  TO-5 
headers  using  Abel  bond  71-1  high  temperature 
polyimide  adhesive.  A  low  power  CK4  plasma  etch  is 
»is»’d  to  place  the  mounted  crystal  on  frequency  just 
prior  to  seating.  Hake-outs  before  and  after  seal¬ 
ing  are  performed  at  125  l  for  2  A  hours.  Fig.  2 
shows  the  typical  polar  Smith  chart  response  of  the 
Splattering  parameter  of  a  sealed  SAW  resonator. 


OSCIU  ATOR 

Initial  attempts  to  replace  the  crystal 
oscillator  with  a  SAW  oscillator  were*  hampered  by 
turning  point  shifts,  excessive  voltage  and  load 
dependence.  These  problems  were  traced  to  circuit 
component  variations  which  are  relatively  unimpor¬ 
tant  for  crystal  oscillators  hut  become  significant 
for  SAW  oscillators  because  of  the*  lower  Q.  High 
resonator  drive  levels  on  the  order  of  -5  dBm  into 
50  ohms  were  also  found  to  degrade  the  device  over 
extended  periods.  Metal  migration  and  subsequent 
crystal ite  formation  are  suspected  to  be  the  cause 
of  this  degradation. 

These  problems  were  solved  by  stablizing  the 
oscillator  with  an  AGC  circuit  which  limits  the 
power  into  the  SAW  resonator  to  -15dBm.  Short  term 
stabilities  of  1  to  2F-I0  anf  aging  rates  of  3E-8 
per  day  at  75  °C  were1  achieved.3 

Fig.  3  shows  a  typical  stability  curve  after  one 
week  aging  The  long  term  drift,  which  is  the  lim¬ 
iting  factor  for  stability  at  1000  sec  sampling 
time,  generally  improves  by  a  factor  of  A  after  a 
one-month  aging.  A  block  diagram  of  the  oscillator 
circuit  is  snown  in  Fig.  A. 


HIBRID  PA'  J\GING 

In  order  to  take  the  full  advantage  of  the 
reduction  in  size  that  a  SAW  resonator  can  offer,  a 
hybrid  oscillator  package  was  built  that  con¬ 
tains  the  oscillator,  buffer  amplifiers,  the  tem¬ 
perature  controller,  the  heater,  the  voltage 
regulator,  provision  for  frequency  adjustment,  and 
a  frequency  divider  all  within  a  1.8  x  1.8  x  0.65 
inch  (A.b  x  A. 6  x  1.65  cm)  package4  The  assembled 
package  is  shown  in  Fig.  5.  The  heater  is 
thermally  coupled  to  the  oscillator  circuit  by 
attaching  it  on  the  back  side  of  the  circuit  board. 
The  design  rules  for  the  oscillator  board  were 
intentionally  conservative  with  a  minimum  line 
width  of  .020  inches.  Further  size  reduction  is 
therefore  possible.  Chip  resistors  and  PC  boards 
were  used  rather  than  the  standard  film  resistors 
and  ceramic  substrates  for  turn-around  time  consid¬ 


erations  and  low  heat  transfer  requirements.  The 
hybrid  construction  represents  a  volume*  reduction 
by  a  factor  of  20  over  the  current  production  sys¬ 
tem.  This  is  illustrated  in  Fig.  6,  which  shows 
the  crystal  oscillator  and  the  RF  board.  The  mid¬ 
dle-right  portion  of  the  board  is  the  multiplier 
circuitry.  The  g-sensit i vi ty  of  the  hybrid 
oscillator  was  measured  through  phase  noise  meas¬ 
urement  at  100  Hz.  The  corresponding  fractional 
frequency  change  was  found  to  be  5E-9/g  in  two  axes 
and  dfc-9/g  in  one  axis.  The  g-sensi t i vi ty  at  this 
level  is  comparable  to  AT- cut  quartz  bulk-wave 
oscillators.  The  g-sens i t i vi ty  may  be  reduced  fur¬ 
ther  by  making  the  circuit  assembly  more  mechan¬ 
ically  rigid. 


COMPARISON  TEST  IN  SYSTEM  PERFORMANCE 


The  bulk-wave  crystal  oscillator  and  its  multi¬ 
plier  chain  in  the  MX1102  navigator  were  then 
replaced  by  the  SAW  oscillator  with  its  simpler 
divider  circuitry.  Satellite  tracking  and  fixes 
were  obtained  before  and  after  the  replacement. 
The  error  of  the  fixes  was  calculated  for  both 
arrangements.  The  system  accuracy  for  the  location 
fixes  with  the  SAW  oscillator  was  as  good  as  the 
bulk  wave  crystal  oscillator.  The  standard  devi¬ 
ation  for  both  arrangements  was  on  the  order  of  .1 
nautical  miles  at  night  for  October  1980  when  the 
sun  spot  activity  was  relatively  high.  Fig.  7  is  a 
plot  of  the  position  of  the  fixes  obtained  with  the 
crystal  oscillator  and  the  SAW  oscillator  in 
relation  to  the  receiver  antenna  location.  The 
average  deviation  of  the  fixes  for  both  arrange¬ 
ments  is  shown  in  the  lower  left  corner.  The 
confidence  level  is  indicated  by  the  error  bars. 
Thus,  within  experimental  error,  the  SAW  oscillator 
and  the  crystal  oscillator  provide  comparable  accu¬ 
racy  . 


CONCLUSION 


The  use  of  hybrid  SAW  oscillators  has  been  dem¬ 
onstrated  in  commercial  satellite  navigation 
receivers  that  require  precision  local  oscillators 
with  a  short  term  stability  of  IE-10.  The  SAW 
oscillator  yields  the  same  system  accuracy  as  the 
bulk-wave  crystal  oscillator  which  it  replaces. 
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Abstract 


Tunable  SAW  filters  with  30-kilohertz  band¬ 
width  in  the  UHF  range  are  described  in  view  of 
future  vehicular  communication  systems  around 
900  MHz.  Presently,  different  implementations 
around  200  MHz  using  LiTaO  and  A1P0^  are  compared 
and  stability  with  automatic  gain  control  is  discus¬ 
sed  . 


Introduction 


Agile  electrically  tunable  filters  are  of 
great  interest  in  signal  processing  for  spectrum 
analysis,  e.g.  in  radars.  Important  civil  applica¬ 
tions  are  arising  from  the  development  of  vehicular 
conmunicatlon  systems. 


A  new  tunable  filter  has  been  recently  experi¬ 
mented  on  LiTaO,  |  1  |  and  Berllnite  |  2  I  .  This 
paper  compares  Jthe  results  on  these  materials  in 
view  of  future  900  MHz  vehicular  system.  In  addi¬ 
tion,  an  automatic  gain  control  has  been  inserted 
Into  the  device  to  Improve  the  stability. 


Principle  of  electrically  tunable  filter 
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Fig.  1  :  Principle  of  electrically  tunable  fil¬ 

ters. 


The  electrically  tunable  filter  is  built  as  a 
tunable  SAW  oscillator  |  3,1*  I  (cf.  Fig.1).  A  SAW 
delay  line  is  inserted  in  a  closed  loop  together 
with  an  amplifier  and  a  phase  shifter.  If  the  gain 
of  the  amplifier  increases  to  compensate  for  the 
loss,  the  device  is  indeed  an  oscillator  operating 
at  a  frequency  ot()  ,  defined  by  (i>  +  (o  T  =  2k  T , 
where  is  the  auxiliary  phase  shift,'  T  is  the 
delay  of  the  SAW  line  and  k  is  an  integer.  From  the 
well  known  design  rules  of  such  an  oscillator,  the 
transducer  lengths  are  chosen  in  order  to  have  a 
single-mode  operation.  If,  next,  the  gain  of  the 
amplifier  decreases,  leading  to  a  linear  closed-loop 
gain  r  less  than  unity,  the  transfer  function  from 
the  input  to  the  output  is  roughly 

S21  ~  1  +  2JQ  I  (.<•>- <o  )/ <o  I 
o  o 

where  Q  T/2(1  -  r)  :  kT/(1  -  r)  and 
<‘>Q  -  (2kT  -  H>  °)/T.  Here  k  la  the  effective  number 
of  wavelengths  In  the  delay  line  accounting  for  both 
electrical  and  mechanical  reflections. 

Such  a  tunable  filter  has  been  Implemented 
first,  around  200  MHz  on  a  YZ  lithium  tantalate 
substrate,  and  second  around  170  MHz  on  a  YX  berll¬ 
nite  substrate,  which  Is  a  zero  frequency  temperatu¬ 
re  coefficient  configuration. 

The  results  concerning  the  two  experiments  are 
described  in  Ref.  Ml,  and  I  2  I  .  The  frequency 
responses  are  plotted  in  Fig.  2  and  3  for  lithium 
tantalate  and  in  Fig.  A  for  berllnite,  for  different 
values  of  the  loop  gain  (Fig.  2a  and  4a)  and  for 
different  values  of  the  phase  shift  (Fig.  2b 
and  4b).  The  frequency  responses  are  reproducible 
and  stable  and  prove  the  feasibility  of  this  princi¬ 
ple  of  electrically  tunable  narrow-bandwidth  fil¬ 
ters. 


Table  I  sums  up  some  characteristics  of  the 
first  lithium  tantalate  filter  and  extrapolates  the¬ 
se  results  to  a  center  frequency  equal  to  900  MHz. 
For  berllnite  the  same  characteristics  are  summari¬ 
zed  in  Table  II.  It  is  seen  that  Q-factors  up  to 
20000  are  achievable  and  the  goal  of  Q  =  30000  at 
900  MHz  is  well  within  reach. 


349 


s2, 


Fig.  2  :  Frequency  responses  of  the  tantalate 

filter 

a)  for  different  values  of  the  loop  gain 
(step  0.1  dB) 

horizontal  scale  :  50  kHz/c 
vertical  scale  :  10  dB/c 


a 
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Fig.  4  :  Frequency  responses  of  the  berlinite 

filter 

a)  for  different  values  of  the  loop  gain 
(step  0.1  dB) 

horizontal  scale  :  50  kHz/c 
vertical  scale  :  10  dB/c 


b)  for  different  values  of  the  phase 
shift  (i  O.lv  and  o) 

horizontal  scale  :  200  kHz/c 
vertical  scale  :  10  dB/c 


b)  for  different  values  of  the  phase 
shift  (t  O.lv  and  o) 

horizontal  scale  :  200  kHz/c 
vertical  scale  !  10  dB/e 
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Fig.  3  s  3  dB-bandwidth  of  the  tantalate  filter 
versus  the  loop  gain 

step  attenuation  of  0.1  dB  or 
linear  gain  r 


Table  I  :  Some  characteristics  of  electrically 

tunable  lithium  tantalate  filters 


First  tantalate 
filter 

Projected 
f  i  Iter 

Centre  Frequency 

Fc ,  MHz 

200 

900 

Open  loop 
±  IdB  bandwidth 

2.5 

30 

MHz 

Channel  3dB  bandwidth 

25 

30 

Af,  kHz 

Q 

8000 

30000 

r 

0.982 

0.993 

i./i 

30 

40 

Number  of  channels 

100 

1000 

350 


Table  II  i  Some  characteristics  of  electrically 
tunable  berlinite  filters 
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For  example  Figure  6  describes  the  first  expe¬ 
riment  on  a  lithium  tantalate  filter  stabilized 
betweejj  -10'C  and  +50°C,  and  exhibiting  a  stability 
of  10  over  the  complete  range  of  operation.  Bet¬ 
ter  results  are  expected  for  narrower  fractional 
bandwidth  around  900  MHz. 


Fig.  6  :  Experimental  stability  of  the  lithium 

tantalate  tunable  filter  versus  tempe¬ 
rature. 


Stabilization  of  the  filter 

In  order  to  get  a  more  stable  operation  an 
automatic  gain  control  (AGC)  can  be  provided,  as 
shown  In  Figure  5.  This  AGC  is  conveniently  realized 
by  designing  a  second  device  Identical  to  the  filter 
except  that  a  slight  offset  in  the  gains  G  and  G'  of 
the  amplifiers  is  maintained.  This  auxiliary  device 
Is  then  operating  as  a  SAW  oscillator  (r'  =  1 )  at 
the  center  frequency  of  the  tunable  filter  (r  1). 
The  AGC  Is  applied  to  both  devices  in  order  to  limit 
the  output  level  of  the  oscillator.  Finally,  the 
gain  r  in  the  filter  loop  is  kept  at  a  constant 
value,  whatever  the  center  frequency  and  the  tempe¬ 
rature. 


Since  the  goal  is  rather  an  overall  stability 
of  10  ,  this  nevertheless  indicates  the  large  inte¬ 
rest  of  berlinite  due  to  its  zero  frequency  tempera¬ 
ture  coefficient. 

Conclusion 

We  have  described  an  electrically  tunable  nar¬ 
row  bandwidth  SAW  filter  designed  for  future  vehicu¬ 
lar  communication  systems  around  900  MHz.  Present 
results  suggest  that  a  berlinite  stabilized  filter 
should  be  necessary  to  meet  the  stability  require¬ 
ments  in  the  complete  temperature  range.  This  Is 
currently  under  investigation. 
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Fig.  5  :  Schematic  of  the  stabilized  filter 
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SAW  FILTER  TECHNOLOGY  AND  APPLICATIONS 

B.  R.  Potter  and  0.  B.  MacDonald 
Texas  Instruments 


Surface  Acoustic  Wave  (SAW)  filter  technology 
has  been  employed  in  a  number  of  systems  appli¬ 
cations.  These  filters  range  in  frequency  from 
about  30  MHz  to  as  high  as  2  GHz.  Loss  as  low 
as  .6  dB  has  been  achieved  at  35  MHz  and  4.5  dB 
at  1233  MHz.  Narrowband  filters  utilizing  St- 
Quartz  as  a  substrate  will  be  discussed  along 
with  medium  and  wideband  devices  constructed  on 
lithium  niobate.  A  variety  of  transducer  tech¬ 
nology  will  be  presented  which  includes  narrow- 
bandwidth  three  phase  unidi rectional  transdu¬ 
cers,  medium  bandwidth  apodized  three  phase 
unidi rect ional  transducers  and  very  flat  freq¬ 
uency  response  wideband  slanted  array  trans¬ 
ducers. 

Key  Words.  SAW  filters,  group-type  transducers, 
SAw  fabrication.  E-beam  lithography,  slanted 
transducers. 


Introduction 

Low  loss  surface  acoustic  wave  (SAW)  fil¬ 
ters  are  being  utilized  effectively  in  many 
electronic  systems  app  ?  icat ions.  These  appli¬ 
cations  include  both  military  and  commercial 
electronic  systems.  Millions  of  television  re¬ 
covers  employ  SAW  filters.  Military  applica¬ 
tions  include  matched  filters  for  pulse  compress¬ 
ion  i adar,  delay  lines  and  resonators  for  highly 
stable  oscillators,  front  end  filters  for  com¬ 
munication  systems  such  as  the  global  position¬ 
ing  system  (GPS)  receivers^,  medium  bandwidth 
(3%  to  15%)  filters  for  filter  bank  application 
in  electronic  warfare  (LW)  receivers,  and  wide¬ 
band  filters  for  ultraflat  delay  lines'^  required 
in  some  fw  applications. 


Capabilities  of  SAW  Bandpass  filters 
and  Transducer  Technology 


Table  1  is  a  presentation  of  the  electrical 
capabilities  of  SAW  filters.  Some  parameters  may 
be  possible  only  at  the  exclusion  of  others.  For 
example,  a  very  wideband  SAW  device  cannot  have 
low  insertion  loss. 


fable  1 

Capabilities  of  SAW  Bandpass  Filters 


PARAfilUi 

PBttE&I 

PROJECTED 

CENT E R  FREQUENCY 

10  Wz  TO  2  GHz 

2.5  jHZ 

BANDWIDHI 

20  KHz  TO  .7  f0 

.8F0 

INSERT  ITU  LOSS 

2  dB 

1  dB 

MINIMUM  SHAPE  FACTOR 

1.2 

1.2 

MINIMUM  TRANSITION  BANDWIDTH 

SO  KHz 

20  KH/ 

SHlfiMf  REJECTION 

60  OB 

7G  oB 

ULTIMATE  REJECTION 

90  oB 

100  dS 

DEVIATION  FR0H  LINEAR  PHASE 

!  1° 

:.5° 

WliruDE  RIPPLE 

.01  ofi 

.01  oB 

The  transducer  technology  employed  with  a 
SAW  filter  will  depend  on  the  application,  freq¬ 
uency  and  bandwidth.  There  are  three  basic 
transducer  types:  bidirectional,  unidirectional 
and  chirped.  Actually  the  chirped  transducer 
can  also  be  bidirectional  or  unidirectional  but 
is  definitely  a  transducer  type.  The  transducers 
may  be  arranged  in  the  conf igurations  shown  in 
Figure  1.  Figure  la  is  the  conventional  bi-di- 


lntenjtylt«l  Surface 

Wave  Trenyjucer  Piezoelectric 


tt»l  Three  Transducer  filter 


(cl  Multiphase  unidirectional 
Transducer  filter 


Figure  1.  Transducer  Configurations 


3a, 


rectional  transducer  filter  that  has  at  least 
MB  insertion  loss,  figure  lh  is  a  three  bi-di¬ 
rectional  transducer  arrangement  that  has  at 
least  3dB  insertion  loss  and  triple  transit  sig¬ 
nals  are  cancelled  at  the  device  center  freq- 
/ency.  The  outside  two  transducers  may  also  be 
unidirectional  as  will  be  seen  in  one  of  the 
later  examples.  Fiqure  lc  is  a  three  phase  uni¬ 
directional  transducer  configuration.  At  high 
frequencies  above  about  600  MHz  the  three  phase 
jnMirect.ional  transducer  cannot  be  fabricated 
because  of  processing  limitations. 

The  group-type  unidirectional  transducer 
may  be  utilized  for  frequencies  above  600  MHz 
to  build  low  loss  filters.  A  schematic  layout 
for  the  group-type  transducer  is  shown  in  fiqure 
2.  The  electrodes  are  arranged  in  two  groups ! 
that  are  placed  90  degrees  out  of  phase  from 
each  other  on  the  substrate.  Another  90  degrees 
of  phase  shift  is  applied  at  the  input  to  the 
t  ransducer. 


figure  2.  Group-Type  Transducer  Schematic  Layout 


Narrow  Bandwidth  SAW  filters 

The  SAW  transducer  technology  utilized  for 
each  systems  application  depends  on  the  device 
insertion  loss,  bandwidth  and  center  frequency 
requirements  of  the  system  that  will  employ  the 
device.  If  a  narrow  bandwidth  (.2  to  3% )  SAW 
‘liter  is  required  and  the  frequency  is  less 
than  about  600  MHz,  then  three  phase  unidirec- 
I inna!  transducer  technology’  may  be  utilized 
effectively  and  a  high  quality  low  loss  (<3.0dB) 
filter  will  result.  If  the  frequency  is  above 
about  600  MHz  and  the  system  requirement  is  still 
for  a  narrow  bandwidth  filter,  then  the  group- 
type  unidirectional  transducer!  >**  oflers  a  tech¬ 
nique  for  achieving  low  insertion  ioss  and  good 
out-of -frequency  band  rejection.  Of  course,  if 
low  loss  and  smooth  phase  response  are  rot  re¬ 
quired  then  bidirectional  transducers  may  be  em¬ 
ployed  in  any  of  these  applications  at  somewhat 
reduced  cost. 

Medium  Bandwidth  SAW  filters 

Tome  systems  require  medium  bandwidth  fil¬ 
ters  with  low  shape  factors  ,  low  insertion  loss, 
and  good  out  of  band  rejection.  Medium  bandwidth 


SAW  filters  constructed  on  St-cut  quart  j  crystals 
will  have  excess  insertion  loss  depending  on  the 
bandwidth  of  the  device,  tonsequenf I y ,  most  med¬ 
ium  bandwidth  SAW  filters  are  fabricated  on  lith¬ 
ium  niohate  or  lithium  tantalate.  A  i  /■  ica!  de¬ 
sign  procedure  for  these  filters  would  No  to 
utilize  upodize  weighted  three  phase  ■.nidircr*- 
lonal  transducers  and  employ  a  mul'i'd'ip  ' ourler 
*o  suppress  hulk  mode  spurious  respor  .  M 
frequencies  above  600  MHz  the  group-', pe  unidi¬ 
rectional  may  he  used  for  both  apodiz*d  and  w'.h- 
drawa  I  weighted  transducers  with  good  results. 
Another  technique  'hat  may  he  used  with  excellent 
results  for  medium  bandwidth  devices  is  to  use  an 
apodized  bidirectional  transducer  in  hetween  two 
unidirect ional  transducers.  The  bi-directional 
transducer  will  allow  for  good  sidelohe  suppres¬ 
sion  and  low-loss  may  be  obtained  because  of  the 
two  unidirectional  transducers. 

Widebandwidth  Filters  and  Delay  Lines 

Wiriebandwidth  SAW  filters  have  only  found 
application  to  any  extent  in  matched  filters  for 
pulse  compression  radar.  The  reason  for  this  is 
obvious  since  excellent  low  loss  widebandwidth 
filters  can  be  constructed  using  lumpfd  element 
resistors,  inductors,  and  capacitors  Since  acous¬ 
tic  delay  times  are  relatively  long  even  for  small 
SAW  devices,  widebandwidth  ultraflat  delay  lines 
are  being  employed  in  a  number  of  systems  appli¬ 
cations.  Bandwidths  as  large  as  70%  have  designed 
and  tested.  SAW  slanted  transducer  technology’  is 
employed  in  designing  these  devices  and  several 
microseconds  of  delay  is  achievable  over  a  100% 
ha ndwidth. 

An  integral  part  of  SAW  filter  technology, 
along  with  design  considerations,  is  filter  fab- 
ricat ion.  Lower  frequency  photomasks  have  been 
constructed  with  pattern  generators  and  the  de¬ 
vices  are  fabricated  with  highly  developed  photo¬ 
resist  and  wet  etch  techniques.  Fabrication  of 
devices  at  l-band  frequencies  requires  special 
mask  making  and  fabrication  procedures.  The 
next  section  addresses  fabrication  techniques. 


l-Band  SAW  Device  Fabrication 

Interdigital  electrode  line  width  required 
for  fabrication  of  L-band  SAW  filters  necessi¬ 
tates  the  use  of  electron  beam  pattern  genera¬ 
tors.  Typical  line  widths  are  in  the  range  of 
1  micron  down  to  0.32b  micron.  All  device  de¬ 
signs  reported  here  were  generated  using  the  two 
step  I-beam  process  reported  previously  with  mi¬ 
nor  variations.  Software  designs  were  converted 
to  card  output  and  filed  onto  disk  using  an  inter¬ 
pretative  pattern  defining  language.  Transducer 
placement  is  facilitated  using  a  run  description 
which  is  filed  on  the  same  disk.  At  run  time, 
the  disk  is  taken  to  the  L-beani  pattern  generator. 
A  typical  mask  takes  approximately  10  minutes  to 
run. 

At  this  point,  the  process  breaks  out  into 
two  distinct  paths.  The  first  path  is  character¬ 
ized  hy  single  level  devices  similar  to  the  1 -hand 


''AC  delay  line  shown  in  Fiyure  3.  In  addition  to 
high  resolution  requ i rements ,  these  devices  depend 
critically  upon  transducer  placement  accuracy 
which  determines  their  static  delay.  Transducer 
separation  is  controlled  using  a  laser  interfero¬ 
meter  stage  with  electronic  heani  offset  to  within 
\  ' micro  inch.  This  corresponds  to  _♦  3.h4  and 
1  4.04  picoseconds  for  YZ-LiNb'lq  and  ST-guartz 
respect  1 vel y. 


1  mure  3.  Transducer  Layout  for  an  L-band  1.36GHz, 
1 . busec  Delay  L i ne 


The  second  path  is  characterized  by  three  level 
unidirectional  filters.  Figure  4  shows  a  first 
level  high  resolution  mash  which  contains  the 
critical  interdigit ial  geometries.  This  parti¬ 
cular  example  is  a  1575  MHz  narrow  band  filter 
with  one  apodized  weighted  and  one  withdrawal 
weinhted  transducer.  The  additional  problem  of 
level  to  level  registration  can  be  seen  from 
Figure  5  which  is  the  second  level  photomask 
correspond) ng  to  the  first  level  in  Figure  4. 


1  igure  4.  Typical  First  level  L-Band  Group-Type 
Unidirectional  Transducer 


figure  5.  Typical  Second  Level  L-Band  Group-Type 
Unidi rectional  Transducer 


The  key  problem  is  alignment  of  the  small  metal 
vias  over  every  third  finger  without  shorting  to 
adjacent  electrode  stripes.  Allowance  for  etching 
undercut  must  be  provided  at  this  step.  A  third 
level  mask  with  a  conducting  bar  is  used  to  con¬ 
nect  every  third  finger  with  a  metal  conducting 
bar.  The  third  level  is  the  least  critical  in 
regard  to  alignment  registration  and  resolution. 

The  problem  of  alignment  becomes  more  difficult 
as  the  operating  frequency  of  SAW  filters  increas¬ 
es  into  the  L-band.  For  critical  level  to  level 
requi rements ,  improved  registration  is  obtained 
by  using  a  master  mask  to  replicate  reference 
aliqnment  marks  on  three  edges  of  a  2  1/2  inch 
chrome  plate.  These  marks  are  then  used  to  cali¬ 
brate  the  F-beam  stage  control  mechanism. 

Levels  one  and  two  are  typically  dark  image 
masks  made  using  2200°of  T I - 309  negative  E-beam 
resist  on  glass  plates  with  750  to  800  A  of 
chrome  metal i zat ion.  Level  three  is  a  clear  im¬ 
age  mask  to  facilitate  the  plating  process.  It 
is  formed  using  2400A  of  PMMA  positive  E-beam  re¬ 
sist.  Resist  lithography  is  transmitted  into 
chrome  by  wet  etching  techniques  for  devices  with 
minimum  geometries  above  1  micron.  Plasma  etching 
in  chloroform  for  approximately  two  minutes  or  ion 
milling  is  used  for  submicron  geometries  down  to 
0.3  micron. 

The  masks  are  then  contact  printed  to  LiNbOg 
or  quartz  substrates  which  have  been  metallized 
with  500A  of  aluminum.  Positive  Hunt  MPR  2:1 
photoresist  is  used  to  define  the  critical  high 
resolution  interdigital  fingers  on  the  first  level. 
Luminum  wet  etching  is  used  to  define  the  final 
transducer  pattern  on  its  peizoelectric  substrate. 
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Saw  Filter  Device  Results  and  Applications 

Table  2  is  a  list  of  the  devices  to  be  dis¬ 
cussed  in  this  section.  The  devices  are  divided 
up  into  the  three  basic  groups  described  before. 
The  devices  listed  here  are  not  all  that  have 
been  constructed  but  only  representative  of  the 
state-of-the-art  in  each  category. 


TABLE  2 

SAW  FILTER  DEVICE  RESULTS 
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Narrow  Bandwidth  SAW  Filters 

287  MHz  Mariner  Jupiter  Device6.  As  shown  in 
Figure  b  the  Advanced  Transponder  System  device 
utilized  a  commercially  available  package  (Iso- 
tronics)  and  a  three  bidirectional  transducer  de¬ 
sign.  The  transducers  were  withdrawal  weighted 
and  the  packaged  devices  had  excellent  RF  feed 
through  characteristics.  70dB  near-in  sidelobes 
and  lOOdB  far  out  sidelobes  is  the  best  ever 
achieved  at  Texas  Instruments.  There  is  phase 
distortion  in  the  passband  due  to  triple  transit 
signals. 


Three-Transducer  withdrawal  weighted 
SAW  Filter 


Figure  6a.  Package. 
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Figure 

6b.  Frequency  Response. 

263  MHz  Dual 

Passband  Fleet  Sat  Com  Front 

shown  in  Figure  7.  Cosine  modulation  of  the  basic 
transducer  time  function  results  in  a  dual  passband 
frequency  response.  The  device  combines  low  inser¬ 
tion  loss  of  3dB  with  good  out  of  band  rejection  of 
-40dB.  Two  withdrawal  weighted  transducers  that 
utilized  Dolph-Chebyshev  weighting  were  employed 
in  the  design  of  this  device.  The  filter  was  in¬ 
stalled  in  a  Motorola  Fleet  Sat  Com  receiver  on 
board  a  Navy  Ship  between  the  receiving  antenna  and 
the  RF  front  end  of  the  system.  Extraneous  signals 
from  other  radios  aboard  ship  are  then  rejected  by 
the  SAW  filter. 


249  MHz  256  MHz 


Figure  7.  Dual  Passband  SAW  Low  Loss  Filter  Freq¬ 
uency  Response 
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321  MHz  Low  Loss  SAW  Filter-*.  This  filter  is 
typical  of  narrow  bandwidth  SAW  filters  that  com¬ 
bine  both  low  insertion  loss  and  good  out-of-band 
rejection.  Two  three-phase  unidirectional  with¬ 
drawal  weighted  transducers  were  designed  for  low 
i”sertion  loss  (2dB)  and  low  freguency  sidelobes 
i-bSdB).  Required  matching  network  is  four  com- 
: nnents  per  transducer  to  both  match  and  phase  the 
ievice.  The  frequency  response  of  this  device  is 
shown  in  figure  8. 


320  MHz 
2  MHz/D  IV 


Figure  8.  Single  Rasshand  SAW  Low  Loss  Filter 
Frequency  Response 


L-band  Filters  for  the  GPS  Receiver1.  The  GPS 
manpack  receiver  requires  two  SAW  filters:  one  at 
1227.6  MHz  and  one  at  1575.42  MHz.  For  temperature 
stability  most  of  these  devices  have  been  con¬ 
structed  on  St-cut  quartz.  However,  a  prototype 
device  fabricated  on  lithium  niobate  had  4.7d8  in¬ 
sertion  loss  and  the  passband  response  is  shown  in 
Figure  9.  Later  results  on  St -Cut  quartz  utilized 
both  apodized  and  withdrawal  weighted  group-type 
unidirectional  transducers.  As  shown  in  Figure  10 
good  sidelobe  rejection  is  achieved  over  a  wide 
frequency  band.  The  insertion  loss  is  higher  than 
expected  because  the  bandwidth  of  the  device  is 


20  MHz/D IV 


t gure  9.  L-Band  Croup-Type  SAW  Filter  on  Lithium 
Niobate 


Figure  10.  L-Band  Group-Type  SAW  Filter  on  St-Cut 
Quartz 


more  than  one  percent  and  energy  is  being  dissi¬ 
pated  in  parasitic  resistance.  The  phase  of  these 
filters  varies  about  _+  3°  over  the  1  dB  bandwidth 
and  the  delay  variation  is  less  than  10  ns. 

Medium  Bandwidth  SAW  F i Iters 


SAW  Filters  for  EW  Filter  Banks.  The  filter  shown 
in  Figure  ll  is  utilized  in  a  Filter  bank  for  an 
EW  system.  Frequency  sidelobe  requirements  are 
- 60dB  and  spurious  time  signals  when  the  device  is 
impulsed  are  down  -60dB.  Both  of  these  require¬ 
ments  are  met  by  a  device  that  utilizes  two,  three 
phase  apodized  weighted  transducers  and  a  multi  - 
strip  coupler.  The  bulk  modes  that  are  so  strong 
in  Y-Z  lithium  niobate  are  not  transferred  by  the 
multistrip  coupler  and  consequently,  frequency 
spurious  signals  are  down  greater  than  -60dB.  The 
transducers  are  tuned  using  a  four  element  matching 
and  phasing  network.  One  phase  is  grounded  and  a 
60°  phase  shift  is  created  between  the  other  two 
ports  using  a  pi-phase  shift  network. 


200  MHz 


500  MHz 


Figure  11.  EW  Filter  Bank  SAW  Device  with  -60dB 
Time  Spurious 
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l uw-loss  Medium  Bandwidth  SAW  filter  at  165. S  MM?. 
The  previous  filter  bank  device  had  fl-lOdB  inser- 
f  inn  Ins',  because  of  the  two  apodized  transducers 
and  the  multistrip  coupler  arrangement .  If  low 
loss  is  required  at  medium  bandwidth  and  moderate 
sidelohe  response,  then  a  three  transducer  config¬ 
uration  as  shown  in  ligure  1<’  is  appropriate. 

This  device  was  constructed  on  li?8"  rotated  Y-Cut 
lithium  niohate  for  the  bull  mode  suppression 
characteristic.  Insertion  loss  was  y.2d8  and  side- 
lobes  of  -30dB  were  required.  The  1?8“  cut  has 
better  temperature  characteristics  (76ppm/oc)  as 
compared  to  the  Y-7  lithium  niobate  (9Zppm/oc). 
Coupling  is  higher  (,0b9)  and  the  velocity  is 
faster  (3884  M/SFC).  Beam  Steering,  however,  is 
a  problem  and  resulted  in  some  excess  insertion 
loss  in  this  particular  device.  The  material  is 
pyro-electric  and  can  break  if  not  cooled  slowly 
during  processing. 


uency  response  is  shown  in  Tiqure  13  .  It  had  a 
passhand  flat  to  within  .  brill  and  insertion  loss 
less  than  ?/  dli  over  a  f>W  bandwidth.  If  the 
slanted  transducers  are  configured  like  ligure  3 
a  widehandwidt.fi  SAW  delay  line  results. 


I  WEIGHTED 
I  UNIO(RECTIONAtj 


AROOIZEO 
WEIGHTEO 
Bi  DIRECTIONAL 


WITHDRAWAL 

WEIGHTEO 

UNIDIRECTIONAL 


a .  ’ ransducer  l ayou t 


figure  13.  150  MHz  Slanted  Correlator  Frequency 
Response 

1350  MHz  Slanted  Transducer  Delay  Line.  This  de- 
vice  is  utilized  In  an  EW  application  where  ultra¬ 
flat  delay  lines  are  required  over  a  wide  frequency 
Band.  The  slanted  transducer  allows  a  device  to 
be  designed  without  matching  networks  as  long 
as  compensation  for  bond  lead  parasitics,  diffrac¬ 
tion  effects  and  surface  wave  attenuation  is  in¬ 
cluded  in  the  transducer  design.  The  device  has 
about  -30dB  insertion  loss  and  is  flat  to  within 
IdE  over  a  700  MHz  bandwidth.  The  group  de'ay  is 
constant  at  l.busec  across  the  entire  frequency 
hand.  A  photograph  of  the  device  was  shown  in 
figure  3  and  the  frequency  response  is  in  Figure 
14. 


10  dB/OIV 


FREQUENCY  RESPONSE 


165.5  MHz  2  MHz/MV 


b.  Frequency  Response 


10  dBIDIV 


ligure  1?.  Three  'ransducer  Low  Loss  SAW  filter  on 
1  yp"  Rotated  Y-(,ut  Lithium  NiobaTe 


f0=  1350  MHZ  120  MHZ/D  IV 


W idebandwidth  SAW  filters 

ISO  MHz  Slanted  Correlator.  This  device  was  a 
prototype  for  the  l-band  slanted  correlator  for 
a  microscan  receiver  program.  The  device  freq- 


figure  14.  Wideband  SAW  Delay  line  at  1.3b  GHz 
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Abst  ract 

i he  continual  demand  for  Increased  performance 
j.  modern  communication  and  radar  systems  in  terms 
e:  increased  bandwidths  and  higher  operating  t re- 
quem  ies  has  led  to  investigation  of  novel  tech¬ 
niques  and  technologies  for  .analog  signal  process¬ 
ing.  In  particular,  surface  acoustic  waves  (SAW) 

;  r  -  Ken  extensively  exploited  with  great  success 
!■  this  end,  but  systems  requiring  bandwidths  great¬ 
er  than  500  MHz  and  center  frequencies  greater  than 
!  'd/  have  pushed  SAW  devices  near  the  practical 
physical  limit  ef  the  techno  1  opv .  A  newel  technol- 
1  *v  promising  increased  bandwidths  at  higher  f re¬ 
queue  ies  is  based  on  magnetostatic  waves  (MSW)  pro¬ 
pagating  in  epitaxial  ferrite  films  such  as  Yttrium 
f  ron  Carnet  f Y  If-)  .  These  waves  can  be  exploited  in 
devices  offering  inst ant aneous  bandwidths  up  to  2.2 
■be  it  microwave  center  frequencies  from  0.5  to  20 
H(V  . 

Ibis  MSW  signal  processing  technology,  based 
•  transversal  filtering  concepts  used  in  SAW,  lias 
ec o  under  extensive  investigation  for  the  past  8 
vears.  ibis  paper  will  first  discuss  physical  pro- 
. ' »  ?■ !  i  e  s  and  1  Imit  s  of  magneto  static  waves,  and  con- 
dc  r  similarities  and  differences  with  SAW.  Next, 

*  "  ■'f  if<‘  ■  t  development  of  MSW  technology  in  the 

iit>'  ''-tales  and  abroad  will  be  summarized.  Fi- 

sicniti.  aut  remaining,  problems  few  de- 

•  *■  'i  •  1  <•  n  i  ui  ■’}  M:;u-  will  be  discussed  followed 

;  I'. > 1  i-i  t  i- >ns  <  r  MSW  techno l ogv  limits. 


Int  roduct ion 

M  . . .  f»st  .it  i  «•  waves  are  slow,  dispersive,  inag- 

i!!.  I«»niinat«sl  el ect romag.net  ic  waves  which  pro- 
is  magnet  i  allv  biased  ferrite  materials  at 
frequencies  (1-20  C.Hz  in  Yttrium  Iron  Car- 
’•  \  ■‘••v  t>  tb-*  resent  interest  in  MSW  devices 

•  •i  f.  ice  development  of  high  quality  low  1  ine- 
!  '  ->w  l'ss),  large  area.  Yttrium  Iron  Carnet 

•  •  d'-y’j  .)  gr-iwu  on  Gadolinium  (’.allium  Carnet 
.  ifc  ty*],}  substrate*  as  epitaxial  films, 
c;  i  y.riihq  •n.imic't.tst  U  ic  waves  in  KPI-YIO  offer 
'  a  -Mgaiion  loss  than  SAW  on  lithium  niobate 
ic  and  losses  are  less  than  »  1  dB/msec  at  10 


Macnet  '  t  •  •  w  wave  propagation  in  thin  films 
dav  beet:  c  >  x  t  cn  •;  i  v»* 1  v  •  oils  i  i ,  a  ed ,  and  three  major 
nrnp  i.-.tt  in.-  modes  with  the  propagation  direction  in 
(be  • i 1°  | line  have  been  used  In  device  applications, 

!e*sc  thiee  modes  are  determined  hv  the  relative 
■  ’f f e*n  at  1  on  of  bias  field,  propagation  direction 
'•  ’  h-  '  r  •  i!li:ir  ai.-nt  atio'-  o*  the  ferrite  slab 

'>■  - r  *.. » I  .  1  h.  mode  ire  dispersive  and  eharact  .*r  i  zed 


1)V  a  limited  propagation  passband  width  and  mag¬ 
net  ic  bias  field  tunabiiity.  This  tunability  in 
principle  can  permit  propagation  of  a  particular 
wave  length  at  any  particular  frequency  in  a  range 
of  frequencies.  First  consider  the  Magnetostatic 
Surface  Wave  (MSSW)  mode  in  which  the  bias  field, 

H,  is  perpendicular  to  the  direction  of  the  wave 
propagation  and  in  the  plane  of  the  film.  This 
mode  has  highly  anisotropic  propagation  in  the 
plane  of  the  film.  This  mode  has  highly  anisotro¬ 
pic  propagation  in  the  film  plane  and  the  mode 
energy  is  confined  to  the  "top"  surface  for  forward 
propagation  and  to  the  "bottom"  surface  for  reverse 
propagation  as  indicated  in  Figure  1.  A  second 

COUPLERS 


Figure  1  -  Principal  MSW  Propagation  Modes 

mod*-  is  the  Magnetostatic  Forward_Volume  Wave 
fMSFVW)  in  which  the  bias  field,  H,  is  perpendicular 
to  tin*  film  plane  and  is  characterized  by  nearly 
isotropic  propagation  in  the  plane  of  the  slab  with 
mode  energy  distributions  resembling  those  found 
rectangular  metal  pipe  wave-guides.  The  lowest 
order  mode  is  usually  most  easily  excited.  The 
third  mode ,  the  Magnetostatic  Backward  Volume  Wave 
(MSBVW)  exists  when  the  direction  of  the  bias  field 
am!  propagation  are  the  same  in  the  film  plane. 

This  mode  has  opposite  phase  and  group  velocity 
directions,  is  highly  anisotropic  and  is  multimoded 
as  in  the  MSFVW  case. 

All  modes  tvpicallv  have  velocities  in  the 
1- (00  kin /sec  range  and  wavelengths  from  L  um  to 
1  mm  fur  10  un  thick  epitaxial  films;  thus,  trans¬ 
ducer  and  periodic  structure  dimensions  maybe  chosen 
to  permit  easy  fabrication  by  standard  photolitho¬ 
graphic  techniques.  Since  practically  any  wave¬ 
length  can  be  achieved  at  any  frequency,  devices 
designed  to  work  at  specific  wavelength  will  also 
work  .it  anv  I  requonev  provided  a  suitable  bias  field 
can  be  obtained  and  the  ferrite  is  uniformly  satur- 
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ated.  Propagation  delays  of  ten  to  several  hundred 
nanosecond  per  cm  are  typical. 

The  objectives  of  this  paper  are  to  summarize 
the  state  of  MSW  research  both  in  the  U.S.A.  and 
abroad,  to  compare  MSW  devices  with  SAW  counterparts 
and  to  outline  primary  areas  requiring  further  work. 
Finallv,  the  future  for  MSW  signal  processing  will 
he  evaluated. 

MSW  Propagation  and  Dispersion  Control 

The  propagation  characteristics  of  magneto¬ 
statics  waves  have  been  extensively  investigated 
both  experimentally  and  theoretically  since  the 
initial  study  by  Damon  and  Eshbach'^  in  1961. 
Dispersion  control  bv  ground  plane  proximity  has 
received  much  attention.  Bongianni^)  at  Rockwell 
International  first  showed  that  MSSW  dispersion 
characteristics  could  he  significantly  altered  to 
produce  both  non-d ispers ivt-  and  linearly  dispersive 
regions  bv  placing  a  ground  plane  in  close  proxi¬ 
mity  to  the  VIC  layer.  Subsequent  work  by  Tsai 
et  al'  ^  of  tiie  Upjversitv  of  Texas  at  Arlington, 
and  Daniel  el  al'  at  Westinghou.se  have  shown  that 
a  similar  situation  exists  for  MSFVW  and  MSBVW. 

Adams  et  al  ’'of  West inghouse  has  shown  experimen¬ 
tally  using  MSFVW  that  constant  delay  devices  with 
a  IDO  nsec /cm  delav  and  a  bandwidth  of  400  MHz  are 
possible  at  8  C, Hz  and  that  linearly  dispersive 
delavs  of  greater  than  1  HHz  bandwidth  at  10  C.Hz 
and  a  time-bandwidth  product  of  210  can  he  realized 
with  an  insertion  loss  of  10  dh.  Class  et  al^"' 

>t  Rockwell  International  has  demonstrated  that 
dispersion  control  can  he  accomplished  through  the 
use  of  layered  magnetic  structures.  These  struc¬ 
tures  consist  of  2  or  more  magnetic  layers  of 
slightly  different  magnetization  spaced  bv  a  dielec¬ 
tric  liver  (either  the  substrate  or  an  epitaxially 
grown  nonmagnetic  layer).  This  technique  produces 
n««n-d  i spers  i ve  regions  with  200  MHz  bandwidths  at 
s-hand  and  l”'  delav  flatness  is  ache  ivable  with 
lower  propagation  loss  than  is  available  with  metal 
layered  structures.  Morgonthaler^)  of  Massachu¬ 
setts  Institute  of  Technology  (MIT)  has  shown  dis¬ 
persion  can  be  accurately  controlled  by  bias  field 
gra  1  lents. 

All  of  these  studies  underscore  significantly 
that  MSW 1 s  are  basically  dispersive  in  nature,  with 
a  nonlinear  dispersion  characteristic  and  a  finite 
passband  width.  These  studies  demonstrated  that 
the  MSW  dispersion  can  be  closely  controlled  over 
\  limited  bandwidth. 

I randucers 

MS’’  transducers  are  basically  the  magnetic 
analog  of  the  SAW  interdigital  transducer.  Coupling 
is  direct  from  RF  currents  to  MSW  magnetic  field 
components  and  shorted  "fine  wire"  co lers  have 
been  used  since  experimentation  with  MSW  was  first 
initiated.  Hangul v  and  Webb  *of  the  Naval  Research 
Labs  first  theoretically  analyzed  the  simple  "fine 
wire"  MSW  coupler  using  a  Poynting  Vector  analysis, 
Wu  et  al.  The  University  of  Texas  at  Arlington 

analyzed  single  wire  and  simple  arrays  for  MSSW  and 
MSFVW  and  Parekh  et  aj  ;  ^of  New  York  State  Univer¬ 
sity  studied  the  MSBVW  case.  Both  groups  used  an 
»rrav  fa«  tor  model  for  the  simple  arrays  considered. 
Experimental  work  by  Wu  has  shown  that  very  low  loss 


Figure  2  -  Simple  MSSW  Delay  Line,  Path  Length  )mm. 
Couplers  50um  wide  5um  thick  shorted 
Aluminum  Microstrips. 

(2  dB)  unmatched  delay  lines  are  possible  using  MSSW’s 
(see  Figure  2).  This  is  possible  due  to  the  aniso¬ 
tropic  propagation  characteristics  of  MSSW  and  the 
near  50'  radiation  resistance  of  a  shorted  "narrow" 
mirrostrip.  This  model  assumes  independent  non- 
interacting  radiators  and  works  well  with  small 
arrays  hut  its  accuracy  decreases  with  increasing 
array  size.  The  reason  for  this  inaccuracy  lies 
in  the  fact  that  coupling  In  the  MSW  case  is  strong 
an!  \y/v  for  metal  on  YIU  can  be  2  or  greater.  Owens 
et  al  of  The  University  of  Texas  at  Arlington 
have  developed  a  3-port  model  for  the  MSFVW  trans¬ 
ducer  arrays.  This  model  shows  greatly  increased 
accuracy  for  larger  arrays  (figure  3),  but  still 
requires  further  refinements  to  yield  the  high 
accuracy  seen  in  SAW  transducer  models.  MSW 


figure  \  -  Theoretical  and  Experimental  Response 
of  a  Uniform  13-bar  MSFVW  Transducer 
Array  Filter  using  the  1-port  model. 

Y I C :  2um ;  Alumina:  250um; 

Bar  Width:  3 5i ■  m ;  Bar  Length:  1mm; 
Spacing:  iOOum. 
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devices  ilsr*  suiter  l  rom  a  further  p  r  i  »t>  I  t*in  related 
t  ‘  •  the  strum*  Iv  dispersive  not  ure  ot  tin*  waves. 

■  i  uis.iiK  r  r  tillers  ti.isir.il  lv  relv  on  spatial  t  i  1  - 
Irriiir,  techniques  ami  MSW  wave  I  etigt  hs  within  the 
passliaml  rover  a  range  from  infinity  at  uniform 
resonaure  to  1  ;m.  I'll  i  s  tmpl  ir.s  that  spat  ia] 
harmonic  operation  presents  a  significant  prohlrm 
in  this  t  vpo  i>  t  filter. 

Inherent  lv  thr  rl  rr  t  rom.iitnet  ir  rxt  itation  ot 
MSSW  allows  directional  transduction  ami  this  lias 
resulted  in  vrrv  low  (2  iiR)  insertion  loss  delav 
lines  being  reported  bv  The  University  ot  Texas 
at  Arlington.  In  contrast,  MSFVW  are  reciprocal 
like  SAW  and  with  normal  microstrip  transducers 
bid lrect tonal  transduction  is  obta ined.  Voll net/ 
af  Thomson-CSF,  France,  reported  at  the  1980  TKKF 
Tntormag  Conference  on  the  realization  of  a  uni¬ 
directional  transducer  (ITDT)  for  MSFVW.  The  trans¬ 
ducer  con f igurac ion  is  similar  to  that  ,  reported  in 
much  earlier  SAW  work  bv  Collins  rt  ai  ,  in  us  lop, 
two  basic  t ransdurer  (microstrip  couplers)  separated 
bv  I)  on  the  YIC  film  (D  equal  to  \/4  or  5  V4)  and 
driven  with  equal  amplitude  electromagnetic  signals 
it?  out  of  phase.  The  ! homson-CSF  results  for  a 
delay  line  with  2  UDT's  operating  at  P  =  200  pm 
('*=  800  pm)  are  an  insertion  loss  of  10  dB  at  2.12 
OHz  for  a  10  dB  bandwidth  of  340  Mhz. 

TERM ! I NATIONS 

As  in  the  surface  acoustic  wave  case,  MSW  delay 
lines  require  terminations  to  remove  wave  reflection 
at  sample  ends.  The  first  work  bv  Collins  et  *il_  v| 
provided  a  significant  reduction  of  end  reflections 
through  the  use  of  lossy  propagation  regions  induced 
bv  over  laving  thin  metal  films  and  lossy  ferrites. 

The  host  terminations  seen  thus  far  involve  the  use 
of  soft  magnetic  materials^  ^  or  small  bias  mag¬ 
net  to  change  the  field  in  the  region  of  the 

sample  ends  and  effectively  increase  the  propagation 
delav  and  thus  the  loss  in  the  end  regions.  These 
terminations  are  still  not  as  good  as  silicone  rub¬ 
ber  in  the  SAW  case,  hut  reflection  are  not  a  limit¬ 
ing  factor  in  device  design  at  this  point. 

PERIOD  ft  RiXI-FCTTNC.  STRIHTPRES 

Several  significant  SAW  devices  based  on  normal 
mi  oblique  reflection  of  surface  waves  from  periodic 
,!  ri.  t  ires  have  h»«en  developed,  in  particular  reson- 
it  rs  and  R.A.  I  he  analogs  of  these  devices 

•  xist  in  *V;W  techno logv.  Initial  studies  of  periodic 
reflecting  structures  ht  Svke:  et  al(^-  Owens  et 
*  1  ,  *  IB)  shown  that  periodic  etched  grooves  and 

metal  arrays  (bars  and  dots)  can  provide  periodic 
impedance  variations  in  the  propagation  medium  and 
thus  filtering.  Either  reflector  works  well  in  the 
MSSW  case,  but  etched  groove  arrays  can  result  in 
mode  conversion  in  the  MSFVW  ca.se  reducing  its 
usefulness.  Studies  of  oblique  reflection  ot  MSFVW 
Kv  metal  arrays  -^yielded  the  analog  of  SAW -RAO's 
.if  microwave  frequencies.  Workers  at  VIA  have  also 
demon st rat ed  that  strain  induced  anisotropy  created 
hv  Ion  implantation  produces  an  excellent,  control¬ 
lable  periodic  structure.  These  reflective  nrrav 
devi»  es  show  significant  advantages  over  their  SAW 
count erparf s  In  that  for  etched  groove  arravs  the 
effeiflve  wave  impedance  is  proportional  to  the  film 
thickness  allowing  more  design  flexibility. 


RESONATORS 

(21) 

Initial  studies  bv  Svkes  et  al  of  The  I'nlv- 

ersflv  of  Edinburgh,  I'.K.  demonstrates  that  etched 
groove  periodic  structures  could  be  used  to  vield 
a  single  port  resonator  using  MSSW.  Work  hv  Owens 
et  al ,  has  shown  that  2-port  Fahrv-Perot  MSSW 

resonators  with  loaded  0*s  of  greater  800  at  3  S Hz 
are  possible  with  octave  tunabllitv  ()  i.;ure  o. 

These  devices  had  less  than  I.1  dB  insert  ion  loss  with 
spurious  down  another  l f  dB. 
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Figure  4  -  Two  Cavitv  MSSW  Resonator 

(a)  Schematic 

(b)  Amplitude  versus  Frequency  Response 


In  19  79  Cast  era  of  Thomson-CSF,  France  reported 
results  on  2-port  S-band  single  cavitv  magnetostatic 
volume  wave  (MSW)  resonators ^ ^  .  Ion  beam  milled 
periodic  etched  groove  gratings  were  used  in  both 
magnetostatic  forward  volume  wave  (MSFVW)  and  mag¬ 
netostatic  backward  volume  wave  (MSBVW)  configura¬ 
tions.  Best,  results  for  MSFVW  were  obtained  with 
an  8  im  wavelength  of  300  urn,  56  periods  in  each 
grating  and  a  spacing  between  reflectors  of  3  mm. 

An  insertion  loss  of  12  dB  and  a  loaded  Q  of  550  at 
2.2  0Hz  was  obtained  with  a  single  resolved  mode; 
and  the  inherent  coupl ing  of  MSFVW  with  resonant 
exchange  dominated  sp.n  wave  modes  was  large lv 
avoided.  With  MSBVW  the  results  lor  the  same  re¬ 
flector  arrays  were  Insertion  loss  of  24  dB  and 
loaded  0  of  870  at  4.35  0Hz .  Both  the  MSFVW  and 
MSRVW  resonators  were  tunable  by  bias  field  adjust¬ 
ment  over  an  octave.  Tn  contrast  to  ’ r ing-around ’ 
MSSW  resonators,  these  resonators  were  found  disad- 
vant ageovisl v  to  have  larger  of f -resonance  trans¬ 
mission  due  to  the  reciprocal  nature  of  MSW.  How¬ 
ever,  these  devices  allow  operation  up  to  +10  dBm  e 
compared  with  the  typical  -10  dBm  saturation  level 
of  MSSW  resonators. 


Fast  era ,  \  Mlnet  .ind  il.i i  t  emann  ‘  *  reported  ini- 
f  i  i!  r  ,  *  » ( 1 1  r  ,>:i  ascaded  7-port  MSSW  n*sniut  its, 

:  r  i  single  .  .ivit  v  rcson.it  or  t  hev  obtained  at  \  GHz, 
1:1  i nsert  i  on  !i’ss  o!  I.’  dH,  rejection  ol  I!  dH  and 
t  loaded  ■’  o*  <>ni).  •«'  obtain  !u-l  tor  reject  ion  of 

*  'if  ■  ‘  *  -  iv-;.  ’i.ini-i*  t  ra»v;-!  i  s-;  i.  i;j  f  hev  haw  invest  i 
..;tvd  1  new  •  •  >ti :  i -mra  t  i<m  i enlisting  of  rwi'  cavities 

•  •  i  .it  «  *>,  wiii.ii  is  similar  to  that  of  a  single  mode 

is.  r  .  .in  first  resonate?  is  li'in;  with  two  high 

i  1’  lo  t  ii'ii  ■  in-!  1  i  >■  i  ent  .irr.ivs.  'bus,  it  is  mnlti- 

■i-'do.l  but  has  high  .  Hie  seisnid  resonator  is  sin- 
.  i  I  c -"i,  id.-d,  hut  iia  -  a  lower  In  cascade  a  mode 

'■’!  tin*  fitst  resonator  is  filtered  bv  the  second 
giving  overall  s  in.:  1  e-mode  resonator  with  high  t 
1  .  i.nire  *1.  At  <  (ill:’  the  insertion  loss  is  15  dB,  the 

■  he  o  *  r -res.  *u  am  e  re  ieet  ion  M  I  5  dH  and  the  loaded 
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Work  .>•••  linearlv  dispersive  filters  have  cen¬ 
tered  on  t we  techniques.  First,  control  of  the 
exist  in.*  di  .persion  char  a.-  t  er  ;  st  ic  bv  layering.  and 
■"■i'nh  rvd  Ws't  ive  arrav  devices.  Adam  et  al;  • 
hr.e  achieved  a  MS 'TV  device  with  -1  GHz  handwidtb 
if  I  *  GHz  and  a  t  i no -bandwidth  product  of  'ISO,  with 
1  !iuearitv  of  *■  i  nsec  over  the  bandwidth  (Figure 
.  Insertion  l<ss  was  10-45  db.  Also,  a  back- 


f  r  i  1  award  V.icru-  Vave  Dispersive 

he  lav  i  i-u  .jsinc  1  lU.H.n  thi«k  VI'- 

’.olid  .  iirvt*  show-;  the  lalculated 
vuiafion,  r>  rei  line  is  best-:  it 
■truicst  line  between  arrows,  and  dots 
•b*-w  •  ea-on  ed  a-  -up  he’.av. 
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Ret  li  i  t  ive-Arr.r.  pulse 
■mparison  between  t  iins  v 


ward  wave  down  .  hirp  device  has  been  built  with 
MOO  Mj|z  bandwidth  and  a  f  ime  handwfdti)  prndtii  t  of 
'*0,  Using  reflective  arrav  technology  Owens  et 
al<',,>  liave  achieved  a  2  SO  MHz  bandwidth  deivee  at 
>  «;liz  with  a  time-bandwidth  pro. hut  of  70,  and  a 
linearitv  of  bettor  than  F  2  riser  (Figure  ft).  While 
these  devices  have  largo  instantaneous  bandwldliis 
l he  phase  ao-iir.icv  is  still  far  from  that  seen  SAW 
RAG's.  initial  studies  of  ion  implanted  structures 
indicate  that  they  show  promise  for  controlled  HAG 
dev i ees . 

DiKKCi  rONA!.  CMMM.KKS 


Sasaki  and  Mikoshiba  from  Tohoku  University  in 
Inpan  have  recently  reported^"  theoretical  results 
on  the  propagation  characteristics  of  MSSW  in  a 
Layered  system  essentially  consisting  of  a  YIC  film, 
dielectric  and  a  second  YIO  film.  As  expected,  two 
modes  of  propagation  occur;  a  qun.s i-symmet r i<*  mode 
with  wavenumber  ks  and  a  quasi-ant isymme trie  mode 
with  wavenumber  kn .  These  degenerate  when  the  di¬ 
electric  spacing  between  the  Y1G  films  is  suffi¬ 
ciently  large,  falculations  are  made  in  the  fre¬ 
quency  range  2.5  to  5.5  GHz  for  20  wm  thick  YIO  films 
and  a  dielectric  thickness  250  urn.  An  MSSW  launched 
011  a  single  YTC  film  will  couple  equally  with  both 
modes  in  the  axial  overlap  region  of  the  two  Yin 
films.  Power  transfer  is  then  periodic  with  dis¬ 
tance.  Because  the  MSSW  is  strongly  dispersive, 
the  directional  coupling  between  the  two  Yin  films 
is  frequency  dependent.  The  coupling  length  for 
complete  power  transfer  at  2.9  GHz  is  2.24  mm. 

Thus,  this  device  behaves  both  as  a  directional 
coupler  and  a  frequency  filter. 


Vast  era  and  llartomann  of  Fhomson-CSF,  France, 
have  recently  report ed^*^  the  results  ot  detailed 
studies  of  a  MSSW  directional  coupler,  first  reported 
bv  ('wens  at  the  1978  Ultrasonics  Symposium,  using 
the  familiar  SAW  multistrip  coupler  (MSC)  configura¬ 
tion  originally  due  to  Marshall  and  Paige^^.  The 
MSC  consists  of  a  short-circuited  bar  grating  depo¬ 
sited  on  the  upper  surface  on  the  Y1G  film  and  con¬ 
nected  to  the  metallic  film  deposited  on  the  bottom 
face  of  the  GGG  substrate.  The  MSC  consisted  of 
4  5  aluminum  microstrips  10  :,m  wide,  each  separated 
bv  10  un  (L=0.89  mm).  For  a  19  \im  thick  YLG  film 


figure  1  -  I runsn iss i on  Response  oi  a  Mult  istr  ip 
(Tup  1  er  lor  \  values  ot  the  .applied 
magnet  ic  Meld:  l/l  **e,  1  U'»  iV,  and 
720  «»<'-•  enf  respond  ing  respectively  tt> 

No  1’owi‘r  Iranster,  Mali  1’owei  iransiiu, 
and  lull  Power  liansler  between  the 
t  w. .  tr.ti  k:.. 
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virtually  perfect  power  transfer  was  obser ved  at 
.  x’H  i  ;ilz  *  or  .1  mapnet  ic  bias  t  i  *  *  1 » I  ot  220  iU‘,  which 
is  closely  (Oiisi  a.'iil  with  the  theoretual  calculi 
t  ion:  Results  tor  no  power  t  r.mstcr,  1/2  power 
transfer  and  full  power  transfer  are  shown  in  Fiptire 
these  are  obtained  at  I? .  S1?H  011/  purely  bv  ad¬ 
just  inp  t  lu*  niae.net  ii  bias  !  ield.  *»  i 1 1  ieant  lv 
and  unlike  the  SAW  rase,  the  power  mav  be  switched  at 
a  r.iven  frequency  to  the  coupled  port  rat  bet  tli.au  tin* 
•.f  r  a  i  >dit -!  oi  ward  port  bv  a  bias  Hold  chanpo  ot  r>0 
Y/ain  *  he  di  reel  ion  roupl  in.*  has  t  requeue  v  filterin'/. 

.  h  ir  a-  t  er  i  st  i  es  due  t->  the  dispersion  ■»{  the  MSSW. 

MSSW  (  I  I.I.A  PIKS 

.!n-  tirst  reported  work  on  MSW  oscillators  was 

•  V  Villi-r  «r.>wii‘,:H>  Vr..n  lln  r.v.c  llirtl  H.'sc.ir.  h 
dent  re,  !,on  ’  mi.  Hie  invit  i  enrat  ion  used  was  essen- 
t  iallv  a  S-band  MSSW  delav  line  in  the  feedback 
loop  c  a  solid-state  amplifier  bavin'.’,  r.ain  adjust - 
abj.‘  to  50  dH  over  its  bandwidth  of  2.8  to  1.  1  HI/. 

Ih  e  epitaxial  V I  (’  film  was  iO  :n  thick  and  flu* 

50  ,t:i  wide  mieroslrip  couplers  were  separated  bv 
7mn.  !’o  eneou: ace  siiv/le  mode  oscillation  the  MSSW 
delav  line*  passban  \  was  narrowed  bv  flipping  the 
SCO  substrate  so  that  it  contacted  the  microstrip 
couplers  and  lienee  decoupled  the  MSW  from  the  elec  — 
t  romae.net  ic  ports.  A  10  dB  insertion  loss  delay 
!  inr  was  obtained  with  a  1  dB  bandwidth  of  25  MHz 
at  a  particular  bias  f  ield.  lhe  pfoun  delay  was 
M  nsec  and  the  mean  k-voctor,  500  m“‘ .  Oscilla¬ 
tions  were  obtained  .  evor  ini:  the  500  MHz  amplifier 
bandwidth  bv  tunitn:  the  bias  field.  However,  unex¬ 
plained  d i scout  inuous  lumps  of  25  MHz  occurred 
anprox imat el v  overv  I  i)0  MHz.  The  medium  term  sta- 
1 '  i 1 i t  v  of  the  oscillator  was  poor  bv  SAW  standards 
'...•in,'  2  MHz/°r. 

( ,»q  \ 

fast  era  o'  I’liorison-OS1-  has  reported  advances 
the  Miller  \  brown  studies.  He  built  a  S-band 
illat-'r  us  in,;  multibar  tnicrostrip  transducers, 

.  •  :  -  nallv  rose  irched  at  The  ,'niver  ;it  v  of  Texas 
v  \r  1  i’lrt  on  .  with  6-bar  parallel  transducers* 
e  i  :i  inn  ..r.  wide  and  spaced  bv  19  urn,  a  MSSW  delav 
l  ine  with  i  5  dB  handvidrh  of  .  MHz  at  1.2  f.Hz 
obtained.  This  transduce  technique  lias  the 
disadvantage  tliat  hi/h  order  MSSW  responses  occur, 
i.i  ;  field  tunable  oscillation  was  obtained  Iron 
?  ■  ‘ .  8  OH/.  but  a. ’lin,  l  i  1 '  Miller  .5  Brown,  dis- 

•  •  -r  i  f  inuous  mule  jumps  fin  It.  is  case  of  10  MHz) 

urrei.  Cast  era  correctly  attributed  those  t< 
r:.  iii:,  :.*tue  between  t  lie  variation  o  f  the  osc  i  1 - 
liter  *•  •  v  versus  nap.net  ir  field.  To  over- 

me  ;!.  i ump inr  problem*  Cast  era  then  fol¬ 
lowed  Unto-  principles  and  built  an  osc  i  1  - 

I  o  r  t;  :  -'i  MSSW  delay  1  ine  bavin/.  two  i  tit  put 

!  r.iii'd'nvr';,  which  are  summed  at  the  amplifier  itnput  . 
!  .  (hi:,  configuration  an  osc  (.  1  I  at  <»r  ,  continuously 

•  ’suable  *>v  the  hi. as  field,  can  be  realized  when  the 
allowable  modes  for  both  loops  correspond.  Fxperi- 
••  'if  .  we  r  <•  performed  with  a  1(>  cm  t !  1 1 «  k  VIC  film 
cifii  !0  •:;:■  and  15  :■  m  loop,  MSSW  path*,  to  the  output 

t  r.i'!  .  ■  1 1 1 '  e  r  s  .  Respective  delays  i  iii  1  mode  spacinc.s 

a1,  r  ’’  teas  and  15  *!Hz*  uni  115  use.  and  8.69  MHz, 
ivi  •  '■!•••.  of  .  ill  it  ion  spaced  at  26  MHz.  Bv 

f1  i  •  ■  -i  bn  i  quo  fast  i  to  obtained  i  opt  inuous  t  un  ini’, 

■  i ■ . •  illatior  Jo  ..  linear  manner  with  bias  field 
*  *  v  f  a  I  iei'i  1  red  •,  ,  MHz  .around  2.1  SHz.  How- 

-  i  .  '  i  1  :  <r  o  I  ,  because  of  tin-  'iilll'le  =!lii  r<i- 

*'!;  *  r  e,  !n  .-r-  used,  «-,.hibifed  a  •  o'tib  of  t  requen 


,  ies  spaced  bv  26  MHz.  I  bus,  judf,  inp  ftom  Furopean 
research,  MSSW  oscillators  have  not  vet  been  achieved 
with  single  mode  continuous  tun inp,  low  medium 
ter-  i  ..mper.at  ure  stabllltv,  and  no  measurements  are 
available  on  the  phase  noise  povorninp  the  short 
i erm  st  ab i 1  i t  v . 

( TO) 

Farter  et  al.  •  *!  The  University  of  Texas  at 

Arl  inn  on  will  report  work  on  an  octave  tunable 
resonator  based  oscillator  at  the  1  OH  1  MT'l  Sympo¬ 
sium.  In  this  work  a  two  port  sinple  cavltv  r.  snn- 
, 1 1  . . i  was.  placed  in  t  he  feedback  loop  of  a  broad  band 
amplifier  to  pive  i  orit  inuous  sinele  mode  tun  inp  from 
l.H  -  \  GHz.  Noise  performance  measurements  indicate 
that  this  oscillator  is  superior  to  many  bulk  sphere 
osiill.ilors  with  potential  significant  improvement. 

MSW  SYSTKM  OiMFONKNTS 

Several  system  oriented  MSW  devi  es  iiave  been 
developed  to  date.  However,  these  devices  are 
intended  to  demonstrate  feasibility  not  .«jypi  icat  i.m 
in  anv  particular  svstem.  Adams  et  al .  of  West- 
i m'liouse  has  developed  a  '*  tap  programmable  MSW  taped 
delay  line  operat  inp  at  9  Hliz.  The  device  had  a 
22  dB  insertion  loss  and  when  used  to  as  a  correlator 
tor  a  U -bit  Barker  code  (bit  duration  20  nsec) 
achieved  a  10  dB  peak  to  side-lobe  correlation  peak. 
Further,  the  West  inphouse  workers  have  also  devel¬ 
oped  a  unique  device,  the  frequency  selective  sipnal 
to  noise  enhancer,  or  power  expander.  fills  device 
provides  low  loss  for  hifth  level  signals  and  hiph 
loss  for  low  level  signals.  ’litis  characteristic  is 
achieved  over  d  0Hz  bandwidths  with  a  differential 
loss  between  a  +10  dBm  sienal  and  a  -6  dBm  signal  of 
-20  ,111.  Adams  cl  al!*1'  hns  also  arliicved  lemp.T- 
ature  compensation  of  a  narrow  band  MSW  filter  bv 
utilizing  a  compensated  ma.tuet  structure  with  sta¬ 
bility  lu'tter  than  1:2  x  10“  V‘*C.  litis  represents 
a  iv.n  i  t  i  iant  step  inward  systi*m  application  of 
these  devices. 


rare  »B£a>IMC- 


F  i  p.ui  e  8  -  Klei- 1  ton  ica  1  1  v  Variable  lime  Delav 
l)cv  ic e 


(a)  Schematic 

(b)  lime  Delay  versus  FrequeniV,  show  hip. 
1)  ia.s  field  t  un  I  np 
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tVens  ot  al  *"  of  The  University  of  Texas  at 
Arlington  have  developed  an  electronically  vai  table 
time  de lav  device  utilizing  cascaded  MSBVW  and  an 
MSSW  delav  lines  (Figure  ft).  ftv  altering  the  bias 
f !  ♦•  1  d  .»♦'  ,'iu'  device  the  time  delay  is  varied  over 
IS  nsec  with  a  200  MU 7  constant  delay  bandwidth  at 
<  <;Hz.  Reed  et  al.  ^Vilso  of  PTA  have  utilized  a 
Mb  delav  line  with  transducer  we  i.'ht  in;-',  to  achieve 
.it*,  i.t  i  vo  cov.mress  ion  loop  with  LOO  MMz  bandwidth 
at  i  Hi/  and  t  i ••le-bandwid t li  nro<luct  of  60  and  t  fnie 
^idelohes  ot  dR  (Figure  9). 

Adams  et  al.^^of  West inghouse  will  report  on 
the  first  application  of  a  linearly  dispersive  MSW 
delav  line  to  a  microwave  compressive  receiver. 

H»  is  svstem  has  yielded  12  MHz  resolution  over  a 
l  dM/  bandwidth. 

TABLE  I  MSW  PERFORMANCE 


igure  9  -  Recompressed  Pulse  from  Amplitude 


Weighted  MSSW  Delay  I. ine  in  Active 
Pulse-Compress J on  hoop . 


Parameter 

T  randuce  r 

Array 

Current 

Future 

Center  Frequency 

1-20 

I-A0 

(GHz)  Tunable 

Bandwidth  (MHz) 

30-1000 

10-15)00 

Time  Dispersion/ 

.  5  -isec 

2  p  sec 

Delay 

Time  x  8andwidth 

30 

<200 

AM  Ripple  dB 

2 

<1 

Phase  Error 

NA 

NA 

DEG  (RMS) 

Temperat  ure 

NA 

NA 

Stabi  1  i  t y 

Insertion  dB 

10 

<3 

Loss 


Present  and  Potential  MSW  Device  Status 


Reflective  Array  Resonator 


Current 

1-20 

Future 

1-1)0 

Current 

1-20 

Future 

1-A0 

30-500 

10-1800 

1-50 

5-50 

. 5  u  sec 

5  *<sec 

NA 

NA 

60 

>1000 

NA 

NA 

k 

<! 

NA 

NA 

20 

5 

NA 

NA 

NA 

NA  1 

1  :  6  x  I0'6  1 

:  10'6/°l 

30 

20 

12 

6 

TABLE  T I 


While  SAW  devices  have  been  under  intensive 
study  for  the  past  12  years,  MSW  devices  have  only 
been  under  limited  active  study  for  about  8  years. 
Thus,  onlv  the  basic  proof  of  principles  have  been 
reported.  Also  various  technical  problems,  including 
higher  frequency  of  operation  and  dispersion  to  name 
a  few,  makes  MSW  more  complex  than  SAW  in  general. 
Still  progress  has  been  significant  and  the  promise 
is  great.  fable  1  shows  the  present  status  and 
future  projections  for  MSW  devices.  Note  that  not 
.ill  parameters  are  obtainable  fr«>m  a  single  device, 
■able  II  summarizes  possible  MSW  applications. 

SUMMARY  AND  CONCURS  TONS 

Surface  acoust  ic  wave  devices  in  the  VHF,  IJHF 
region  have  little  competition  as  broadband  high 
performance  signal  processors.  Likewise,  MSW 
technology  appears  to  have  no  competition  In  the 
microwave  region  If  Its  Full  potential  can  be 
realized.  While  problems  remain  in  the  MSW  area 
little  effort  has  been  expended  to  date  as  com¬ 
pared  with  SAW  and  further  research  should  yield 
much  progress. 


PRIME  APPLICATIONS  OF  MSW  DEVICES 


DEVICE 


Resonator  Narrow  band  filters.  Oscillators 


Band  pass  KCM,  Radar,  Communication 

Filters  satellite  repeaters 


Non-d  ispersive  Fusing,  MT1  Radar,  Communication 
delay  lines  path  length  equalizers.  Alti¬ 
metry  recirculating  storage  loops 


Tapped  delay 
1  ines 


Fourier  Transformation,  Clutter- 
reference  radar,  F.CM  deception, 
PSK  matched  filters 


Dispersive  Radar  pulse  compression 

Delay  Lines  Variable  delay  for  target 

simulation  and  phase  array 
radars,  Fourier  transforms. 
Compressive  receivers.  Group 
delay  equalization 
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6, 
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Conipagrwe  fj  *  K 1  im.’I  ron  i<ju*-  »*t 
d«*  Hi  -  Fleet  r  irit  e-7HSOO 
SARTROtfVl  LI,E  -  FRANCK 


S  umma  r  v 

The  i**ti i  izat  i<»r.  <>f  quartz  crystals  nr  Lithium 
T.i:  tji.jt  e  r  osonut  .  >r  s  in  hulk  wav**  is  now  possible 
between  :;00  MHz  and  1  CHz. 

The  new  techm  l«*qv  of  i><n  etching  allows  out' 
t  r  i.utJiri  rvsu.’ijtiirs  working  m  fundamental  mode 
i\  t  e  nOO  MHz,  or  on  the  third  overtone  mode  up 
t.i  t,j  .;Hz,  that,  moans  to  build  osn  1  J ators  iri 
lit  ort  frequency,  in  opposition  t  o  mu  1 1.  ipliod  fre- 

jijor;r i  . 

Dili  oront  cuts  have  boon  oxpor  i  *:i »  -it  od  :  AT, 

H7  doubly  rotated.  The  high  q  -Fact. or  obtained, 
l.o.  ,  MO  OOO  at  !>00  MHz,  allows  t  he  cone  opt.  i  on  of 
high  spectral  density  and  excellent  stability 
'S«'i  1  1 ators. 

Within  some  months,  such  high  fi*»qwncv  oscil¬ 
lators  will  be  u i r,  aircraft  arid  teleocmmuni- 
'•jt  piri  appl  teat  lor.s. 


I ntr'Kiuct.  l or t 

F' ;  1  lowing  a  r*>ldtiv-  *;f  a  ana  r  i  on  in  the  fi'dd 
p i .'/.od cot  r  i c  d.-yp-'-n  a  sudden  reversal  has 
p.  ■  -bser Ved  roe  .r,f  ;  •,  . 

M  o!  believed  or  was  led  t  ■  believe  that  a 
j  i  irt  •  r  vsi  a  1  i:  an  obs-  object  must  revise 

r  .pinion  and  rec  i.jr.  i  z«*  th.i*  t.</duy  bulk  mode 
;  i  f/<  >*■ !  ect  r  ic  devices  provide  the  most,  sal  isfac- 
t  ■  i  :  .*-n  lurion  for  filtering  systems  and  tor  fre- 
•  jijev..  sources. 

•  >f  course,  f  or  cert,  a  i  n  part  ir;u  1  >ir  conditions, 
a  n  o  r  m<r»*  •*!  t  i  •  •  i  ,.fi  r  solutions  may  f»e  found  ; 
however  t  h"'/  will  r  ••  1  i  nqu  l  sh  the  industrial  sup- 
l  l-neiH  that  is  necessary  for  wide-range  applica- 

r  I  or, 

Recent  r  erhnol  t«<j  ira  1  advances  have  enhanced 
f  te-  jpp I  ic  »t  i  .»n  ol  piezoelectricity  in  three 
price  ljial  direction;;  : 

-  obtaining  v*-rv  high  frequencies  -  between 
■too  MHz  and  i  fill/  -  rionjmpanied  by  an  improvement 
in  ttie  1  r  equency  noise  spectrum  *»f  f  he  o<;ei  1  1  at  or s 

-  an  ifi'Ti-JSf’  in  the  t  rud  i  t  i  onu  I  stability  ol 


quartz  oscillators  which  in  the  future  may  attain 
better  than  lO'^/day  thereby  realizing  standards 
comparable  to  Rubidium  or  even  Cesium  tune-bases 

-  the  use  of  new  piezoelectric  materials 
such  as  Lit  hium  Tantalate  or  Berl  mate. 

Although  the  two  last  points  may  seem  important 
they  will  be  referred  to  occasionally  in  this  pa¬ 
per  ;  however  our  main  concern  is  the  first  point: 
a  widening  of  the  frequency  range  for  modern  pie¬ 
zoelectric  devices. 

Limiting  Frequencies 

Regardless  of  an  AT  or  BT  cut  of  quartz  or  of 
double  rotation,  including  Lithium  Niobate  and 
Lithium  Tantalate,  the  determining  factor  concer¬ 
ning  the  resonant  frequency  -  for  bulk  modes  - 
is  t.h»-  thickness  of  the  resonator.  Thus,  there 
is  a  frequency  limit  due  to  the  mechanical  fragi¬ 
lity  ol  the  substat.es  as  they  become  very  thin. 

This  limit  is  largely  due  to  th«-  mechanical  pr<V“SS 
used  to  treat  and  to  finish  the  resonators. 

At  CEPE,  the  industrial  limitations  (several 
thousands  of  componants  per  month)  are  as  follows: 

-  AT  cut  :  c>0  MHz  with  a  thickness  of  3  1  a 

-  RT  cut  :  7C»  MHz  with  a  thickness  of  34  a 

-  SC  cut  :  r)0  MH.:  with  a  thickness  of  17  u 

-  Lithium  Tantalate  :  f»0  MHz  with  a  thickness 
of  3‘»  u 

Those  values  are  valid  only  for  the  fundamental 
mode.  If  the  finishing  of  the  resonators  is  adequa¬ 
te  then  opera t ion  on  overtones  a  1 1 ows  the  multi¬ 
plication  of  the  fundamental  frequency  by  an  inte¬ 
ger  n,  which  corresponds  approx imately  to  the  rank 
nt  the  overtone.  It  is  possible  for  n  to  attain 
13  for  the  AT  cut  and  7  for  the  SC  and  BT  cuts 
whereas  one  may  easily  obtain  a  21  st  overtone 
wit-h  Lithium  Tantalate. 

However,  the  higher  the  overtone  the  more 
difficult  it  is  to  adjust  the  frequency  ;  thus 
in  practice  it  is  preferable  to  limit  one’s  objec¬ 
tives  to  the  following  *. 

-  7  th  overtone  for  the  AT  cut 

-  ’*  th  overtone  for  the  HT  and  SC  cuts 

-  u  or  11  th  overtones  for  Lithium  Tantalate. 


In  the  (MSf  nt  (liters.  VCXO'S  i»r  nv» tied 
oscillators,  adequate  frequency  control  may  he 
achieved  by  using  the  (undamental  mode  or  at  most, 
the  \  rd  overtone. 

Thus  a  first  limitation  resides  in  the  r ea 1  i  - 
nation  of  a  resonator  funrtionninq  in  the  funda¬ 
mental  mode. 

Ry  moans  of  an  Helium  ion  beam  the  crystal 
blanks  may  be  brought  to  the  following  frequencies: 

-  420  MHz  in  the  fundamental  mode  and  2  GHz 
(or  the  S  th  ovprtono  for  tin*  AT  cut 

-  t»00  MHz  in  the  fundamental  mode  and  1  Ghz 
tor  the  r>  th  overtone  for  the  BT  cut 

-  4r>0  MHz  in  the  fundamental  and  2,'»  GHz  for 
the  *>t  h  overtone  for  the  SO  cut. 

-  400  MHz  in  fundamental  and  nearly  4  GHz  in 
overtones  ’i  and  11  for  Lithium  Tantalate. 

Working  with  high  level  overtones  poses  certain 
problems  among  which  figure  the  state  of  the  crys¬ 
tal  surface  and  the  para llel ism  of  the  faces  ; 
furthermore,  the  rat io  Co  which  determines  the 

C 

frequency  shift  of  the  crystal  is  altered  unfavou¬ 
rably  due  to  the  extremely  small  dimensions  of 
the  elect  r<*JeS. 

For  crystals  produced  in  the  traditional  man¬ 
ner,  Co/ *00  whereas  tor  an  Helium  ion  treatment, 

C 

Co U 1 H00 . 

<: 

Unloaded  quality  factor  Qo~ _ 

The  unloaded  y  of  a  crystal  defines  its  quali¬ 
ty  arid  determines  the  possible  uses  of  the  crystal. 

This  characteristic  depends  on  the  nature  of 
the  material  as  well  as  the  technology  that  is 
applied.  The  constant  q.F  is  very  useful  in  this 
wise.  This  means  that  for  any  frequency  and  for  a 
given  crystal  and  a  particular  cut,  Qo  F  is  a 
constant  as  may  be  verified  by  consulting  the 
adjoined  tables. 

Loaded  0  :  Qc 

If  the  unloaded  Q  of  the  crystal  defines  its 
quality,  the  loaded  Q  determines  the  possibili¬ 
ties  of  utilization.  The  loaded  Q  is  not  only 
responsible  for  operating  conditions  but  must 
respect  certain  restrictions  due  to  the  associated 
electronic  circuits.  For  an  oscillator,  the  loaded 
quality  factor  will  depend  on  the  following  points: 

-  an  appropr  iat  i-  electronic  circuit 

-  proper  operating  temperature 

-  suitable  mechanical  env i ronment a  1  conditions 

-  frequency  adjustments  or  imposed  f eedback 
c  i  rcu  its. 

In  general,  one  admits  that  the  unloaded 
quality  factor  is  reduced  by  three  when  the  reso¬ 
nator  is  under  Load,  however  this  factor  may  vary 
between  l  ,  r,  and  10  according  to  its  utilization  ; 


furthermore  this  notion  is  preponderant  whenever 
the  spectral  quality  of  an  oscillator  is  concerned. 

Genes  resistance 

The  unloaded  quality  factor  (Q<>)  depends  priri- 
eipaly  on  the  se  1  i _i  riduet  anre  of  the  resonator 
which  may  vary  between  0,  IS  mil  for  a  fundamental 
m«xio  BT  quartz  at  GOO  MHz  to  S  rail  for  a  BT  quartz 
operating  in  the  Sth  overtone  at  S00  MHz.  At  the 
same  time,  the  resistance  may  vary  f  ram  2S  .t  to 
400  i.. 

One  realizes  immediately  that  the  associated 
electronic  circuits  will  be  radical/  different. 

One  may  thus  conclude,  as  a  first  approx imat. ion 
that  the  search  for  a  maximal  unloaded  quality  fac¬ 
tor  (Q<>)  must  make  a  compromise  to  achieve  a  minimum 
series  resistance  accompanied  by  acceptable  elec¬ 
tronic:  frequency  adjustments. 

Drive  Level 

The  drive  level  of  a  resonator  is  important,  not 
only  for  ensuring  a  high  spectral  quality  but  also 
for  obtaining  a  minimal  ageing  rate. 

A  priori,  the  spectral  quality  of  an  oscillator 
depends  on  the  following  points  : 

-  a  drive  level  sufficient  to  ensure  a  carrier 
Level  superior  to  the  thermal  noise 

-  appropriate  electronic  components 

-  the  quality  factor 

It  is  not  possible  to  consider  spectral  quali¬ 
ty  without  examining  the  possible  repercussions  on 
ageing,  which  is  a  notion  that  is  not  entirely  clear 
and  that  should  be  examined  more  closely  ;  on  the 
other  hand,  one  must  make  a  strict  distinction  bet¬ 
ween  the  drive  level  as  a  function  of  the  various 
cuts  and  the  nature  of  the  piezoelectric  material 
that  is  employed. 

The  AT  cut  rapidly  presents  i sochronomi sm 
faults  of  about  -  IS  dBm  whereas  a  BT  cut  remains 
at  0  dBm. 

Experiments  have  shown  that  Lithium  Tantalate 
allows  more  than  S  watts  for  filters  and  more  than 
’>00  raW  for  oscillators. 

Sensitivity  to  acce lerat ions 

The  sensitivity  of  the  frequency  of  an  oscilla¬ 
tor  to  gravitation  remains  a  moot  question  when 
the  desired  precision  exceeds  10“’^. 

An  AT  quartz,  realized  according  to  classical 
methods  yields  a  sensitivity  ot  1  to  2.10”  /g 
whereas  BT  cuts  give  regularly  l.lO~^Vg. 

It  is  said  but  poorly  shown  that  the  SC  cut 
of  quartz  yields  a  sensitivity  of  •>  to  1.10~,0/g. 
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In  the  sense  that  sensitivity  to  accelerations 
depends  m  part  to  the  mounting  ot  the  crystal,  one 
sees  the  advantages  provided  by  an  ionic  treat¬ 
ment  since  it  ensures  a  relativerly  neutral  crown 
around  t he  resonator. 

This  at  formation  is  corroborated  by  results 
obtained  on  a  resonator  machined  by  ionic  means 
under  vibrations  between  0  and  10.000  Hz.  For 
equal  volumes,  one  should  expect  to  tint!  vibrat  ion 
resonances  between  lOOO  and  JOOO  Hz  whereas,  in 
our  case,  nothing  occurs  before  10.000  Hz. 

AUeiibi 

The  notion  of  agoing  o!  a  piez«H>  1  ect  r  ic 
resor.ator  -  i.e.,  the  comportment  of  the  frequency- 
time  character  ist.  it*  -  is  vague  and  qualitative 
for  the  moment  ;  however  the  empirical  results 
mav  be  uiii'ii  t«*  advantaqe  in  the  choice  of  a  model  . 

As  concerns  ageing,  amonq  the  apparent  or 
hidden  causes,  one  mav  retain  the  following  : 

-  the  nature  ot  the  piezoelectric  material 

-  operating  conditions  such  as 

.  the  type  of  the  oscillator 
.  the  drive  level 
.  the  temperature  range 
.  mechanical  constraints 
.  continuous  or  intermitted  operation 
.  the  various  technologies  that  may  be 

used . 

Ageing  contributes  to  frequency  stability  in 
general  and  serves  as  a  compromise  among  many 
stability  notions,  an  only  aspect  of  which  is  long¬ 
term  stability. 

Table  (  3  )  gives  the  results  obtained  presen¬ 
tly  for  various  resonators  realized  by  means  of 
ionic  machining  methods. 

Measurements 

The  measurements  consist  in  an  analysis  of  the 
transfer  function  of  a  passive  quadripole  incor¬ 
porating  a  quartz  crystal. 

The  determinat ion  of  the  S-parameters  in  the 
vicinity  of  resonance  allows  one  to  specify  the 
characteristics  of  the  resonator.  For  the  moment, 
the  ultimate  frequency  is  1,3  GHz. 

QUARTZ  OSCILLATORS 

Various  electronic  structures  for  oscillators 
may  be  taken  into  considerat ion . 

The  primary  criterium  is  the  series  resistance 
of  the  resonator.  For  100  U  or  less,  starting  of 
the  oscillator  is  facilited  as  well  as  the  frequency 
setting  ;  however,  the  unloaded  quality  factor 
,  Qo  )does  not  achieve  the  maximum  value. 

On  the  other  hand,  a  high  value  of  the  loaded 
quality  factor  leads  to  difficulties  concerning 
frequency  tuning  possibilities. 


As  a  result,  one  must  choose  between  two  <>r 
three  types  of  oscillators  according  as  one 
desires  spectral  purely  or  proper  ageing  also 
taking  into  account  instantaneous  or  retarded 
opera t ion. 

Finally,  of  the  frequencies  considered,  the 
basic  electrical  circuit  must  be  easily  transposed 
into  an  integrated  network. 

Electrical  Structures 

-  A  common -base  circuit  has  been  used  success¬ 
fully  on  several  oscillators  between  400  and  GOO 
MHz  for  AT  or  BT  cut  resonators  m  the  3rd  over¬ 
tone.  Ageing  is  of  the  order  of  2.10“^  tor  three 
months.  This  type  of  oscillator  admits  almost 

all  resonators  ;  however,  a  priori,  it  is  limited 
in  its  frequency  range. 

-  A  second  "negat  ive  resistance"  circuit  uti¬ 
lizes  the  negative  impedance  presented  by  a  cumroon- 
col lector  HF  transistor.  This  resistance  depresses 
the  resonator  and  allows  oscillations  to  begin. 

This  circuit  leads  naturally  to  a  hybrid 
conf igurat ion  for  high  frequencies,  however  the  level 
of  oscillation  may  be  difficult  to  control. 

Results 

The  charts  that  foLlow  resume  the  results  alrea¬ 
dy  obtained  as  well  as  those  to  come. 

These  performances  in  the  laboratory  may  be  im¬ 
proved  or  adjusted  according  to  specific  industrial 
applications. 

Many  characteristics  may  be  favor ized  at  the 
expense  of  others  ;  we  have  tried  to  reach  a  compro¬ 
mise  taking  into  account  four  types  of  oscillators 
corresponding  to  different  applications. 

-  The  BP 3  oscillator  is  designed  for  use  in 
avionics.  The  spectral  purity  and  the  frequency 
stability  are  not  optimal,  however  the  starting 
time  must  be  very  short. 

-  The  AP3  oscillator  is  meant  for  wide  diffusion 
equipment  such  as  the  radio-telephone  and  micro- 
wave  links.  It  consists  of  a  frequency  source  which 
may  be  piloted  by  division  by  a  reference  oscilla¬ 
tor.  Its  consists  of  portable  equipment  of  reduced 
size  and  power  dissipation  (50  mW)  with  intermitant 
operation  and  instantaneous  start-up. 

-  Model  SP3  has  its  principal  application  in 
missiles.  Starting  is  instantaneous  ;  furthermore, 
these  oscillators  are  conditioned  in  order  to 
resist  to  severe  storage  conditions. 

-  The  LP3  oscillator  is  character ized  by  a 
low  -noise  level  and  high  output  power.  It  is 
frequency  controllable  and,  in  a  latter  version, 
couLd  be  transformed  into  a  VCXO. 

-  The  BP 5  oscillator  is  a  ground-based  version 
of  the  BP3.  It  functions  in  C.W. 
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Advantages  and  drawbacks  of  r  esuridtua  machined 
by  Louie  beams  (  R.U.I,  ) 


A  now  t ochnul ug ira  1  innovation  using  an  ion 
beam  for  finishing  the  crystal  blanks  presents  cer¬ 
tain  advantages.  At  the  start,  it  was  a  question 
of  obtaining  bulkwave  piezoelect rical  crystal  fil¬ 
ters  operating  in  the  f undament a  1  mode  up  to 
‘»00  MHz.  Now,  keeping  in  mind  the  initial  objec¬ 
tive,  this  new  technique  provides  extended  possi¬ 
bilities  in  the  domain  of  crystal  oscillators  : 

-  the  frequency  may  be  extended  to  1  or  4  GHz 

-  the  resonator  is  very  small  and  is  easily 
evened 

-  vibrations  present  no  particular  problems 

-  sensitivity  to  acceleration  is  reduced 

-  the  frequency  temperature  character ist ic 

.  not  altered  anti  remains  that  of  the  original 
substrate 

-  ageing  and  retrace  are  not  affected  ;  further 
more,  they  will  prof  it  from  m«xlern  technologies 
such  as  plasma  met ta 1 izat ion  and  ion  implanta- 

t  l  on 

-  one  mav  easily  accentuate  one  of  the  fol¬ 
lowing  character ist ics  :  frequency  stability, 
spectral  purity,  output  power.  The  frequency  sour¬ 
ces  mav  be  naturally  stable  or  else  locked  to 

an  other  source  compensated  analogue  or  digital 
means  in  temperature  (  TCXO  )  or  voltage  frequency 
control  (  VCXO  ). 

The  mam  drawback  is  that  one  can  no  longer 
rely  on  classical  realization  techniques 
which  implies  the  urn*  of  integrated  circuits  as 
much  as  possible. 

Concerning  fabrication  cost,  it  is  relati¬ 
vely  still  high  for  filters  comprising  a  large 
number  of  resonators,  however ,  it  is  acceptable 
for  a  frequency  source. 

1  ri  conclusion,  the  poss  i  bi  1  it  ies  that  are 
offered  ar>-  sufficiently  attractive  to  justify 
general  research  project  on  this  subject,  which 
is  actually  under  wav. 
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ABSTRACT 

The  temperature  variation  of  surface  acoustic  wave  (SAW) 
propagation  characteristics  on  doubly  rotated  cuts  of  alpha  quartz 
are  discussed  Extensive  numerical  calculations  were  used 
previously  to  identify  families  of  doubly  rotated  cuts  on  which 
surface  acoustic  waves  exhibit  a  greater  delay  time  temperature 
stability  than  previously  reported  Second  order  temperature 
coefficients  of  frequency  (TCF)  as  low  as  -1  3x  10-8  and  zero  first 
order  temperature  coefficients  of  frequency  were  calculated  for 
these  families  of  cuts  in  this  paper,  experimental  measurements  of 
the  temperature  coefficients  of  the  frequency  of  selected  members 
of  these  families  of  doubly  rotated  cuts  of  quartz  are  presented. 
The  experimental  measurements  of  the  temperature  coefficients  of 
frequency  are  compared  with  the  previously  calculated  values. 
Phase-temperature  plots,  coupling  coefficients  and  velocities  for 
these  cuts  are  also  presented 

In  addition,  numerical  calculations  of  the  temperature  dependence 
of  the  surface  acoustic  wave  power  flow  angle  and  of  the 
anisotropy  parameter  y .  which  is  related  to  the  diffraction  effects 
of  the  surface  acoustic  wave,  are  presented  Power  flow  variations 
of  3  degrees  and  variations  of  the  anisotropy  parameter  y  of  10 
percent  (5  percent  for  the  ST-cut)  over  the  temperature  range 
-50°  C  to  150°C  are  typical 

Experimental  measurements  of  the  temperature  variation  of  the 
surface  acoustic  wave  power  flow  angle  (PFA)  are  shown  to  be  in 
close  agreement  with  the  calculated  variation  The  effect  of  the 
temperature  dependence  of  the  power  flow  angle  and  the 
anisotropy  parameter  y  on  surface  wave  filters,  reflective  array 
devices,  and  delay  lines  are  discussed  both  for  doubly  rotated  and 
the  more  popular  singly  rotated  orientations.  Techniques  for 
utilizing  the  temperature  dependence  of  the  surface  acoustic  wave 
power  flow  angle  to  produce  temperature  stable  delay  lines  are 
presented  Choice  of  optimum  doubly  rotated  cuts  of  quartz  for 
this  purpose  is  discussed,  and  experimental  results  are  presented. 


INTRODUCTION 

Recently,  much  attention  has  been  given  to  doubly  rotated 
orientations  of  quartz  suitable  for  Surface  Acoustic  Wave  (SAW) 
propagation  Previous  computation1  has  pointed  to  the  existence 
of  orientations  with  improved  temperature  stability.  Additional 
experimental  data  presented  here  confirms  these  theoretical 
predictions  The  temperature  variation  of  the  SAW  power  flow 
angle  has  been  reported  previously?  The  power  flow  angle  and 
anisotropy  parameter  temperature  variation  for  temperature  stable 
doubly  rotated  cuts  is  reported  here,  and  a  temperature 
compensation  technique  utilizing  the  phenomena  is 
demonstrated 

ANALYTICAL  APPROACH 

IRE  standard  angle  definitions  (YX  wit)  PHI/THETA/PSI  for  quartz 
were  used  throughout  the  investigations  Using  the  Finite 
Difference  approach  with  the  available  crystal  constants, 
previously  calculated  results  show  that  the  zero  TCF 1  surfaces  do 


not  intersect  witf  the  zero  TCF2  surfaces,  based  on  the 
interpolated  results  of  the  10°  x  10°  x  10°  resolution  .  It  is  not  likely 
that  a  finer  resolution  will  provide  contrary  informat'  .  because 
TCF1  and  TCF2are  relatively  slow  varying  functions,  jlculations 
were  performed  on  a  10°  x  10°  x  10°  grid  over  the  ang.  iar  ranges  0 
<  PHI  <30°,  0  <PSI  <180°.  and  -90°  < THETA  <90°  These 
initial  calculations  defined  the  "angular  volumes"  of  low  TCF 
orientations.  Calculations  were  then  performed  on  a  2.5°  X  2  5°  x 
2.5°  grid  near  promising  orientations.  Calculations  were  then 
performed  ona1°x1°x1°  grid  near  the  best  cuts  located  by  this 
technique.  In  this  way,  the  entire  angular  range  was  explored  and  a 
large  computer-based  data  file  built  Maps  of  first  and  second 
order  TCF's  were  generated  Despite  the  number  and  density  of 
points  at  which  the  first  and  second  order  TCF's  were  calculated, 
wherever  TCF 1  was  found  to  be  less  than  or  equal  to  zero,  we  found 
TCF 2  to  be  less  than  0. 

Table  1  consists  of  a  summary  of  the  results  of  using  the 
investigative  approach  described  above.  Out  of  the  many  areas 
with  low  TCF  cuts,  some  were  identified  in  this  program  and  some 
were  previously  identified.  These  orientations  have  zero  TCF1 
calculated  by  the  approach  of  Sinha  and  Tiersten  with  TCFzand 
TCF3calculated  using  the  Finite  Difference  approach  These  areas 
are  chosen  because  of  zero  TCF1  and  low  TCF2  TCF3can  be 
mostly  cancelled  out  by  TCF1  if  the  propagation  direction  is 
slightly  rotated  away  from  the  zero  TCF 1  direction,  so  that  the 
TCF2  term  will  dominate  the  performance  characteristics 

The  doubly  rotated  cuts  in  the  angular  region  near  (YX  wit) 
15°/30°/38°  have  a  calculated  TCF2of  less  than  1  0  x  10-87(C°)2. 
The  doubly  rotated  cuts  in  the  angular  regions  near  (YX  wit) 
15/40/40.  (YX  wit)  12.5/35/130,  (YX  wit)  7/27/135,  and  (YX  wit) 
0/27/130  have  calculated  TCF2  with  magnitudes  less  than  1.5  x 
10"8/(C°)2.  In  all  of  these  regions,  the  low  calculated  TCF2 
indicates  the  suitability  of  these  cuts  tor  fabricating  highly 
temperature-stable  SAW  devices  on  doubly  rotated  cuts  of  quartz. 

To  ensure  the  suitability  of  the  cuts  described  above  for  SAW 
applications,  the  coupling  coefficients,  SAW  velocity,  and  power 
flow  angles  were  calculated  for  these  cuts  and  are  summarized  in 
Table  2.  Table  3  from  reference  1  contains  a  summary  of 
8TCF Table  4  from  reference  1  contain*  a  summary  of  the 
calculated  values  of  8  TCF1/  8 4>  and  8  TCF1/  88.  The  large 
values  of  8TCFV8#,  8TCFV80,  and  8  TCF1/ d<l> impose 
strict  fabricational  tolerances  on  the  SAW  cuts  and  on  mask 
alignment.  All  of  the  cuts  were  found  to  be  suitable  for  SAW 
devices,  however. 

EXPERIMENTAL  VERIFICATION 

Waters  with  the  orientations  listed  in  Table  1  were  fabricated. 
Considerable  care  has  been  taken  to  reduce  fabrication  tolerances 
of  the  devices  fabricated  for  this  study  For  these  cuts.  ^  and  $  are 
known  to  be  within  1 4  minutes.  \l>  Is  known  within  1 15  minute* 
Wafer*  fabricated  at  Motorola  a*  well  as  s  commercially  supplied 
ST-cut  wafer  have  been  fatted  A  delay  line  oscillator  was  used  to 
measure  the  temperature  dependence  of  the  SAW  delay  time  The 
experimental  apparatus  is  shown  in  Figure  1  The  complete 
experimental  error  it  estimated  to  be  within  1 20  ppm 
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Table  i.  Propagation  Characteristics  of  Crystal  Orientations 
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Table  2.  Propagation  Characteristics  of  Selected  Orientations 
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Table  3.  3TCF"7d*  for  Selected  Cuts 


Angles  of  ZTCF'”.  Degrees 
<S  and  T'S  Program) 

PHI 

THETA 

PSI 

aTCF’Va* 

6 

26 
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1 
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1 

28 
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0 

26 
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0 

27 
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0 

28 
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Table  3  aTCF'73*  for  Selected  Cuts  (Cont) 


Angles  of  ZTCF'",  Degrees 
(S  and  T'S  Program) 
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Table  4.  3TCP"/d«  and  dTCF"73»  for  Selected  Cuts 


Angles  of  ZTCF'",  Degrees 
(S  and  Ts  Program) 

3TCF"73« 

3TCF"73« 

PHI 

THETA 

PSI 

7 

27 

135.64 

-0.7 

-0.5 
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(PPW/C  ’)/ 

DEGREE 

DEGREE 

0 

27 
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15 

40 
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+1.5 

-0.7 

15.0 

32.5 

38.55 

-1.2 

06 

12.5 

35.0 

130  62 

0.95 

1.1 

The  frequency-temperature  behavior  of  the  device  fabricated  on 
the  commercially  supplied  ST-cut  wafer  (YX  wit)  0/42.75/0 
(angular  tolerance  is  not  known)  is  shown  in  Figure  2.  Both  the 
calculated  and  experimental  results  are  plotted.  Plots  of  fitted 
temperature  curves  for  a  set  of  cuts  (YX  wit)  7.417/27,833/1/'  where 
4>  =134  0°,  134  2°,  135  0’  and  135.2’  are  shown  in  Figures.  These 


tows* 

MteiviM  srum* 


Figure  1.  Measurement  System 

curves  were  obtained  from  parts  fabricated  on  the  same  substrate 
with  a  single  mask.  Each  device  propagates  in  a  different 
^direction,  as  determined  by  the  rotation  of  the  patterns  on  the 
mask  Each  device  is  rotated  by  0.20°  with  respect  to  its  neighbor. 
Figure  3  demonstrates  the  need  for  a  high  degree  of  fabrications! 
accuracy.  Figure  3  also  illustrates  the  ability  to  compensate  tor 
fabrication  errors  by  using  a  mask  patterned  with  devices  oriented 
with  a  range  of  (/>  angles. 

A  few  representative  frequency-temperature  measurements  are 
presented  in  Figures  4  through  7  The  stars  represent  experimental 
data  points.  The  solid  lines  are  linearly  regressed  curves  used  to 
define  the  measured  first,  second,  and  third  order  TCF's  for  these 
cuts  found  in  Table  5  of  reference  1.  Figures  4  and  5  are 
representative  of  cuts  in  region  (YX  wit)  7/27/135  Cut  (YX  wit) 
6.57/26.88/134.9  of  Figure  4  has  a  small  linear  frequency  term  at 
room  temperature  and  is  well-suited  for  use  at  both  high  and  low 
temperatures.  Its  second  order  TCF  is  in  good  agreement  with  the 
computer  calculations  and  is  considerably  smaller  than  that  of  ST- 
cut  quartz  (see  Table  5  of  reference  1)  Cut  (YX  wit) 
0.633/26  15/137.0  of  Figure  5  is  representative  of  cuts  in  region  (YX 
wit)  0/27/138  with  the  small  first  order  TCF  A  slight  rotation  of 
l/1  could  be  used  to  set  the  first  order  TCF  to  zero  while  slightly 
improving  the  second  order  TCF  of  the  device.  This  cut  also 
represents  a  substantial  improvement  over  the  ST-cut  (see  Table  5 
of  reference  1)  Results  in  this  area  are  in  excellent  agreement  with 
the  theory  (Table  5  of  reference  1)  as  well. 


-50  -25  0  +25  +50  +75+100+125 


TEMPERATURE  (Cs) 

Figure  2  ( YX  wlf )  0/42. 75/0  ST-Cut 
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TEMPERATURE  VARIATION  OF  THE  SAW  POWER  FLOW 
AMPLE 

An  unexpected  rapid  fluctuation  of  the  surface  acoustic  wave 
power  flow  angle  on  doubly  rotated  cut  quartz  SAW  devices  was 
discovered  during  the  testing  of  temperature-stable  SAW  devices. 
In  this  section,  the  phenomenon  of  a  temperature  variation  in  the 
SAW  power  flow  angle  will  be  discussed. 

Calculations4of  the  power  flow  angle  at  different  temperatures  for 
doubly  rotated  cuts  of  quartz  have  been  performed.  The  cuts  are 
designated  by  the  1949  IRE  standard  Table  6  contains  a  summary 
of  the  power  fiow  angles  temperature  dependence  for  several 
temperature-stable  doubly  rotated  cuts.  Figure  8  illustrates  the 
temperature  variation  of  the  power  flow  angle  for  the  doubly 
rotated  cut  of  quartz  (YX  wit)  14.283/39  1 1 7/40  6  The  important 
feature  of  this  dependence  is  the  large  variation  of  the  power  flow 
angle  over  the  temperature  shown  The  input  transducer  on  the  left 
generates  an  acoustic  wave  which  only  partially  illuminates  the 
output  transducer  on  the  right.  Figure  9  (a  and  b)  has  photographs 
of  the  device  response  with  a  short  gated  RF  pulse  as  the  input, 
showing  the  response  at  13l°C  and  34° C,  respectively.  The  first 
notch  is  a  result  of  missing  finger  pairs.  The  transducer  apertures 
are  34  mils  and  24  mils,  the  length  of  the  device  is  260  mils  and  the 
acoustic  wavelength  is  0  48  mils  The  temperature-dependent 
effects  of  diffraction  on  the  envelope  were  found  to  be  negligible 
The  shortening  of  the  device  response  is  clearly  evident  from  the 
photographs  and  is  due  to  the  rapidly  decreasing  power  flow  angle 
successively  illuminating  more  of  the  output  transducer  as  the 
temperature  increases  The  power  flow  angles  estimated  from 
these  photographs  are  displayed  in  Figure  10.  alongside  the 
theoretical  results 


Table  6  Temperature  Dependence  of  the  Power  Flow  Angle 
on  Doubly  Rotated  Cuts  at  Orientations  (YX  wit) 
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Table  7  lists  the  anisotropy  parameter  Y  for  various  cuts  as  a 
function  of  temperature.  The  variation  of  the  anisotropy  parameter 
is  small  (typically  10  percent).  No  problems  arising  from  the 
temperature-dependent  anisotropy  paramters  are  anticipated. 


Table  7.  Temperature  Dependence  of  Y 
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A.  DEVICE  GEOMETRY  C.  IMPULSE  RESONSE  AT  »“C 

B .  IMPULSE  RESPONSE  AT  1S0°C  0 .  IMPULSE  RESPONSE  AT  50% 


Figure  8.  Pictorial  Representation  of  Device  Response 


b.  AT  34  r. 


Figures.  Device  Response  to  Short  Gated  270.4  MHz  Input  Pulse 
On  cuts  for  which  the  power  flow  angle  is  temperature-dependent, 
however,  when  the  oscillator  frequency  is  not  exactly  at  the 
synchronous  frequency  of  the  bAW  delay  line,  the  phase  response 
of  the  delay  litre  becomes  temperature  dependent.  The  use  of 
deubfy  rotated  cut  SAW  devices  clearly  requires  designs  which 
can  accommodate  a  large  variation  in  the  SAW  power  flow  angle. 

In  designing  filters  and  reflective  array  devices  on  rotated  cuts  of 
quartz,  additional  care  must  be  tsXen  to  ensure  that  the 
temperature  dependent  power  flow  angle  does  not  degrade  device 
response.  If  improperly  designed,  device  time  delay,  bandwidth 
and  phase  all  become  temperature  dependent  when  fabricated  on 
a  rotated  cut  These  observations  are  especially  important  for 
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reflective  array  devices  in  which  rotated  cuts  of  quartz  are  often 
used  to  achieve  temperature  compensation  in  two  different 
propagation  directions. 


TEMPERATURE.  DEGREES 


Figure  10  Power  Flow  Angle  Against  Temperature  for  (YX  wit) 
14.283/39.117/40.6 

Suitable  device  design  can  overcome  these  problems  and  result  in 
temperature  compensated  delay  lines  useful  for  oscillator 
applications.  The  moving  acoustic  beam  may  be  made  to 
illuminate  different  parts  of  the  output  transducer  at  different 
temperatures  in  such  a  way  as  to  maintain  a  steady  phase  over  the 
entire  temperature  range.  A  design  using  the  temperature 
dependent  PFA  has  been  fabricated  in  which  a  compensation 
signal  maintains  a  relatively  constant  output  phase  despite  the 
temperature  dependent  delay  time. 

Figure  11  shows  the  device  design  with  the  compensators  on  the 
left.  The  compensator  output  is  summed  with  the  output  signal 
from  the  transducer  structure  on  the  right  to  ad|ust  the 
temperature  dependent  phase  response.  Figure  12  shows  the 
results  of  using  the  compensators.  With  suitable  design,  the 
second  order  curvature  could  also  be  compensated  for.  The 
advantage  of  using  this  compensation  mechanism  is  that  it  is 
inherently  monolithic. 


Figure  11.  T ransducer  Design  with  Compensators  on  the  left.  The 
Compensator  Output  Is  90°  Out  of  Phase  with  the 
Main  T ransducer  on  the  Right.  TheTwo  Outputs  Are 
Summed  to  Give  a  Phase  Response  Insensitive  to 
Temperature. 


Figure  12.  Effect  of  Utilizing  the  Compensation  T ransducers  (see 
Figure  11)  to  Adjust  the  Temperature  Dependent 
on  the  SAW  Oscillator 


CONCLUSION 

Additional  experimental  results  have  shown  continued  agreement 
with  theoretical  calculations.  Doubly  rotated  devices  with  second- 
order  temperature  coefficients  of  frequency  as  small  as  -1 .3  x  10-8 
have  been  fabricated  and  tested.  These  devices  are  three  times  as 
stable  as  the  ST  -cut.  The  analytical  evaluation  yielded  temperature 
stable  families  of  cuts,  one  with  optimum  orientation  possessing 
the  lowest  second-order  temperature  coefficient  of  frequency  yet 
predicted  In  quartz. 

The  temperature  variation  of  the  power  flow  angle  and  the 
anisotropy  parameter  on  doubly  rotated  cuts  of  quartz  and  its 
effect  on  device  design  was  discussed.  An  oscillator  design 
accommodating  large  temperature-varying  power  flow  angles  was 
discussed.  The  temperature  variation  of  the  power  flow  angle  was 
utilized  to  achieve  additional  SAW  oscillators  fabricated  on  doubly 
rotated  cuts  of  quartz. 
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Summary 

This  paper  examines  the  absolute  and  differ¬ 
ential  aging  of  SAW  resonators  fabricated  as 
pairs.  Low  absolute  aging  rates  of  Individual  SAW 
resonators  have  been  observed  after  hermetic  stal¬ 
ing  and  temperature  stabilization  Inside  70°C  pre- 
aging  ovens.  Typical  drift  rates  fall  below 
0.5  ppm/day  within  48  hours  and  0. 1-0.5  ppm/wk 
after  3  weeks.  The  differential  drift  rate 
between  pairs  was  less  than  0.25  ppm/day  after  48 
hours  and  typically  0. 1-0.2  ppm/wk  after  3  weeks. 

The  effect  of  drive  level  was  studied  for 
devices  fabricated  using  evaporated  chromium 
(50A)/aluminura  (1000A),  rf  sputtered  aluminum 
(1000A)  and  evaporated  aluminum  +  4.5°X  copper 
alloy.  Significant  performance  degradation  occurs 
at  75°C  for  power  levels  above  +10  dBm  delivered 
to  the  crystal  at  resonance.  Comparative  studies 
of  frequency  dependence  on  drive  level  show  no 
significant  differences  among  the  three  metal¬ 
lization  systems  described. 

Key  words  (for  Information  retrieval) 

Surface  Acoustic  Wave  (SAW)  Resonators,  Aging, 
Drive  Level,  Fabrication,  Electromigration. 

Introduction 

Systems  requiring  long  term  stability  and 
Insensitivity  to  undesirable  effects  provide 
strong  motivation  for  Investigating  the  common 
mode  rejection  characteristics  of  appropriately 
configured  pairs  of  surface  acoustic  wave  (SAW) 
resonators. 

Low  absolute  aging  of  Individual  SAW  reso¬ 
nators  depends  on  device  material  composition, 
process  controls  and  cleanliness,  packaging 
environment  and  hermetlclty.  Extended  pre-aging 
appears  to  be  necessary  to  reduce  long  term  drift 
below  l  ppm/yr  with  typical  aging  studies  reported 
In  the  literature  now  approaching  the  two  year 
mark.1_3  An  objective  of  this  study  was  to  Iso¬ 
late  as  much  as  possible  those  factors  contribut¬ 
ing  to  the  long  term  Instability.  By  a  study  of 
resonator  pairs  In  a  common  enclosure,  effects 
such  as  packaging  could  be  eliminated  or  deduced 
by  evaluating  differential  aging. 
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This  paper  will  examine  the  absolute  and  dif¬ 
ferential  aging  of  SAW  resonators  fabricated  as 
pairs  and  sealed  under  vacuum  In  a  common  TO-5 
enclosure.  The  design  of  the  fabrication  process 
and  control  of  the  process  is  described.  Also, 
the  effects  of  power  level  at  which  the  devices 
are  driven  and  the  damage  encountered  under  sus¬ 
tained  conditions  of  high  power  and  elevated 
temperature  are  discussed. 

Fabrication  Process  Design  and  Control 

Reliable  device  performance  requires  a  fabri¬ 
cation  process  that  is  reproducible.  Analysis 
procedures  were  Instituted  at  appropriate  steps  In 
the  process  to  monitor  the  condition  of  the  SAW 
substrate  as  it  proceeded  from  wafer  to  chip  and 
finally  to  packaged  environment.  Figure  1  is  a 
flow  chart  of  the  fabrication  process.  As  pilot 
wafers  progress  through  the  fabrication  process 
they  are  subjected  to  a  variety  of  surface  and 
bulk  analytical  measurements  to  determine  the 
presence  of  contaminants,  lnterdlf fusion  of 
deposited  metals,  or  surface  chemical  reactions 
that  may  have  significant  consequences  for  device 
long  term  stability  after  the  package  Is  sealed.4 
This  required  vacuum  baking  prior  to  sealing,  to 
pump  off  moisture  and  accelerate  short  term  sur¬ 
face  reactions.  Also  a  small  plasma  etch  chamber 
for  frequency  calibration  was  installed  directly 
In  the  dry  nitrogen  glove  box  containing  the 
resistance  weld  sealer.  After  vacuum  sealing  the 
packages  were  bombed  with  helium  and  leak  tested. 
Typically  better  than  90X  of  all  sealed  devices 
Indicated  leak  rates  of  less  than  1  x  10” 1°  std 
cc/sec  air  equivalent. 

Pre-Aging  System 

An  oven  was  designed  for  monitoring  the  aging 
of  36  SAW  resonators  simultaneously.  By  using 
Interchangeable  PC  boards,  either  18  TO-5  packages 
with  resonator  pairs  or  36  packages  containing 
single  resonators  could  be  monitored.  Resonator 
groups  of  six  were  connected  to  a  single  pole  six 
throw  (SP6T)  coaxial  switch.  The  six  switches 
were  connected  to  a  seventh  In  a  switching  matrix 
arrangement.  Figure  2  shows  photograph  of  the 
oven,  containing  the  PC  board  Into  which  the  TO-5 
packages  were  Inserted  and  the  coaxial  switches. 

The  resonators  were  periodically  Interrogated 
through  the  switches  by  a  network  analyzer,  fre¬ 
quency  synthesizer  and  counter,  all  of  which  were 
controlled  by  a  desktop  computer.  The  resonant 
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Figure  1  Fabrication  process  flow  chart. 


Figure  2  Photograph  of  oven  showing  SP6T  coaxial 
switches  and  PC  board  for  TO-5  crystal 
enclosures. 


frequencies  were  sequentially  measured,  the  oven, 
temperature  recorded,  and  the  time  logged  from  the 
computer’s  real  time  clock.  In  this  manner,  the 
frequency/ temperature  drift  was  tracked  with 
time.  Software  computed  the  differential  drift 
between  packaged  pairs  of  SAW  resonators. 

Absolute  and  Differential  Pre-Aging  Results 

Pre-aging  studies  were  conducted  on  two 
paired  resonator  configurations  and  two  types  of 
electrode  metal izat ions : 

1.  Pairs:  two  separate  chips  in  one  pack¬ 
age;  evaporated  Cr/Al  electrodes. 

2.  Dual  resonators:  two  resonators  on  a 
common  chip;  evaporated  Cr/Al  electrodes. 

3.  Dual  resonators:  same  as  #2  but  with 
evaporated  A1  +  4.5Z  Cu  alloy  electrodes. 

Figures  3.  4  and  5  show  the  absolute  and 
differential  aging  for  each  of  the  three  cases 
indicated.  In  all  cases ,  frequency  drift  follows 
a  logarithmic  time  dependence  characteristic  of 
chemisorptive  reactions.  Small  oscillations  In 
the  aging  were  primarily  due  to  fluctuations  in 
oven  temperature  that  occurred  with  a  24  hour 
cycle.  These  frequency  variations  result  from  an 
offset  between  the  oven  operating  temperature 
(70°C)  and  the  turning  point  of  the  crystals 
(85°C).  In  the  case  of  paired  Cr/Al  crystals  the 
absolute  aging  rates  typically  showed  between  3 
and  20  ppm  frequency  increases  within  the  first 
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30  days,  typical  drift  rates  felL  below 
0,5  ppra/day  within  48  hours  and  0, 1-0,5  ppm/wk 
after  three  weeks.  Typical  differential  drift 
rates  fell  below  0.25  ppm/day  within  48  hours  and 
typically  0. 1-0.2  ppm/wk  after  three  weeks 
(5-10  ppm/year).  Fabricating  the  devices  as  dual 
resonators  on  the  same  crystal.  Fig.  4,  improved 
the  differential  aging  rates  but  absolute  aging 
remained  high.  Replacing  the  Cr/Al  metallization 
with  copper  alloyed  aluminum  remarkably  improved 
the  absolute  as  well  as  differential  aging,  Fig.  5. 
The  total  pre-aging  amounted  to  less  than  2  ppm  and 
drift  rates  less  than  0. I  ppm/mo  were  obtained  after 
only  3  weeks  pre-aging.  As  expected  the  differen- 
?  ini  aging  showed  a  similar  improvement.  A  more 
accurate  assessment  of  these  rates  requires  either 
individual  oscillator  measurements  or  longer  pre¬ 
aging  times.  The  former  is  currently  under 
investigation  using  a  dual  oscillator  circuit. 

Drive  Level  Studies 

The  effect  of  rf  power  delivered  to  the 
resonators  from  a  50  ohm  source  at  the  resonant 
frequency  of  each  device  was  investigated  and 
compared  for  three  different  types  of  electrodes: 

(1)  evaporated  chrome,  50A,  and  aluminum,  1000A, 

(2)  rf  sputtered  aluminum  and  (3)  evaporated  4.5% 
copper-aluminum  alloy,  1000A.  It  has  been 
reported  that  excessive  power  levels  In  SAW 
resonators  result  in  drive  level  dependent  fre¬ 
quency  shifting  and  degraded  performance  with 

t ime . 5 , 6 

Figure  6  shows  the  frequency  dependence  on 
drive  level  for  eight  resonators  from  each  of  the 
metallization  groups  described  above.  From  the 
results  of  the  three  types  of  metallized  devices 
studied  it  does  not  appear  that  one  type  provides 
better  frequency  stability  under  varying  drive 
levels  than  any  other.  This  may  Indicate  that  the 
dependence  of  the  device  frequency  is  controlled 
primarily  by  thermal  heating  due  to  power  dissi¬ 
pation  in  the  bulk  of  the  quartz,  and  not  by  any 
property  of  the  metallization. 

Degradation  at  High  Drive  Levels 

The  equivalent  circuit  series  resonant  resis¬ 
tance  was  typically  45-75  ohms  for  the  375  MHz  SAW 
resonators  studied  in  this  work  and  a  50  ohm  reso¬ 
nator  will  dissipate  all  the  power  delivered  to  it 
f rom  a  50  ohm  frequency  source.  At  +10  dBm  drive 
level,  In  excess  of  1  Kw/cc  is  being  dissipated  in 
the  skin  depth  of  the  central  region  of  the  elec¬ 
trode  pattern.  In  view  of  the  fact  that  the  Q  of 
these  devices  ranged  from  12,000  to  20,000,  and 
the  energy  stored  in  the  device  is  proportional  to 
the  product  of  the  Q  and  the  energy  dissipated, 
large  stored  energy  densities  are  achieved.  It 
comes  as  no  surprise,  then,  that  electromigration 
effects  due  to  large  piezoelect rically  Induced 
potentials,  severe  mechanical  distortions  and 
thermal  stresses  are  likely  to  have  a  degenerative 
effect  on  the  structure  of  the  device,  and  partic¬ 
ularly  the  metal  electrodes. 

SAW  resonators  were  driven  for  periods  ex¬ 
ceeding  15  hours  at  drive  levels  of  +10  dBm. 


Figure  6  Frequency  dependence  of  drive  level  for 
Cr/Al,  Cu-doped  aluminum,  and  sputtered 
aluminum  metallized  resonators. 


Device  degradation  was  found  to  be  closely  related 
to  the  temperature  at  which  the  drive  level  mea¬ 
surements  were  made.  At  room  temperature  little 
or  no  change  in  the  device  characteristics 
occurred.  At  75°C,  however,  significant  damage 
was  observed  after  prolonged  active  aging  at 
+10  dBm.  Figure  7  shows  the  return  loss  magnitude 
and  polar  response  for  a  SAW  resonator  fabricated 
with  a  Cr/Al  electrode  pattern  before  and  after 
15  hours  of  active  aging  at  75°C.  The  appearance 
of  spurious  resonances,  a  shift  in  the  resonant 
frequency  and  an  increase  in  the  series  resonant 
resistance  indicates  damage  has  occurred  either  in 
the  acoustic  cavity,  the  interdigital  transducer, 
or  both. 

Scanning  electron  micrographs  of  the  trans¬ 
ducer  region  of  the  SAW  resonator,  taken  afterward 
confirmed  that  damage  had  occurred.  Small 
hillocks,  typical  of  electromigratlon  damage,  were 
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Figure  7  Return  loss  degradation  for  +10  dBm 
drive  level  at  75°C. 

found.®  In  addition,  "drag”  type  effects  were 
noticeable  at  the  edges  of  the  electrodes,  as  if 
aluminum  had  been  physically  brushed  or  scraped  in 
the  direction  of  acoustic  motion.  Neither  of 
these  artifacts  were  present  in  undamaged  devices. 

Conclusions 

The  absolute  and  differential  aging  of  SAW 
resonators  was  investigated.  A  fabrication 


process  which  included  techniques  for  monitoring 
process  conditions  resulted  in  devices  with  low 
absolute  and  differential  drift  rates  after  a 
short  period  of  pre-aging.  Absolute  aging  rates 
less  than  0. i  ppm/mo  after  only  3  weeks  pre-aging 
at  70°C  were  demonstrated.  Low  differential  aging 
rates  were  obtained  using  dual  resonator  crys¬ 
tals.  Drive  level  studies  on  devices  fabricated 
with  different  types  of  aluminum  metallizations 
have  not  conclusively  shown  that  one  type  of 
metallization  is  superior  to  another  based  upon 
drive  level.  For  the  purpose  of  long  term 
frequency  stability  however,  copper  alloyed 
aluminum  appears  to  be  superior  to  chrome/aluminum 
metals.  Damage  due  to  elevated  drive  levels  for 
extended  periods  was  found  to  be  more  sensitive  to 
operating  temperature  than  the  drive  level  up  to 
+10  dBm. 
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ABSTRACT 

The  application  of  surface  acoustic  wave 
( SAW  J  resonators! >2  in  systems  requires  that 
certain  fabrication  problems  be  solved  and  that 
various  aspects  of  device  performance  be  well 
understood.  Acceptable  device  yields  require 
that  a  post-fabrication  frequency  adjustment 
(trimming)  procedure  be  available  for  the 
recessed  -transducer/etched-groove-ref lector 
resonator  configuration  which  we  use.  Here  we 
discuss  a  new  trimming  technique  which  involves 
modification  of  only  the  transducer 
configuration  by  selective  etching  of  the  quartz 
substrate  in  a  fluorocarbon  plasma.  Details  of 
the  procedure  and  experimental  results  are 
presented  for  resonators,  and  we  show  that  the 
procedure  is  effective  on  delay  lines  as  well. 
Resonator  frequencies  have  been  set  to  an 
accuracy  of  five  parts-per-mi 1 1  ion  using  this 
technique. 

The  response  of  UHF  resonator  filters  to 
variations  in  input  power  level  has  been  studied 
and  data  on  the  power  limits,  frequency-power 
effect,  and  damage  mechanisms  are  presented. 
Also,  the  1/f  phase  noise  (flicker  noise) 
inherent  in  500  MHz  SAW  resonators  has  been 
measured  and  is  discussed. 


Introduction 

SAW  resonators  have  been  developed  to  the  extent 
that  the  systems  application^  of  this  class  of 
devices  is  feasible.  However,  in  order  improve 
the  manufacturing  yield  a  post-fabrication 
frequency  trimming  procedure  is  required  to 
compensate  for  fabrication  variances.  In 
addition,  the  device  power  handling  capacity 
must  be  known,  the  nature  of  overpower  damage 
mechanisms  understood,  and  when  used  in  an 
oscillator  the  flicker  noise  contribution  of  a 
SAW  resonator  should  be  anticipated.  In  this 
report  we  discuss  a  frequency  trimming  technique 
which  we  have  recently  developed  for  use  on 
resonators  with  the  recessed-aluminum- 
transducer/etched-groove-ref lector 3 
conf iguration.  We  have  found  that  one  may  trim 
the  frequency  of  a  resonator  downward  by 
changing  the  physical  configuration  of  only  the 
transducers .  The  method,  to  be  discussed  in 
detail,  utilizes  selective  etching  of  the  quartz 
by  means  of  a  f  luorcarbon-oxygen  plasma  to 


increase  the  transducer  electrode  step  height. 

An  increase  in  transducer  reflectivity  is  the 
dominant  frequency  shift  mechanism. 

We  have  found  experimentally  that  UHF  SAW 
resonators  have  a  relatively  high  power  handling 
capacity,  on  the  order  of  +10  dBm  and  grea*®-.  . 
However,  for  oscillator  and  filter  applications 
we  should  know  the  upper  limit  on  power  input, 
the  variation  of  frequency  with  power  level,  and 
the  nature  of  the  overpower  damage  mechanisms. 
Here  we  present  data  on  the  effects  of  device 
input  power  level.  This  data,  through  specific 
to  a  given  design,  gives  us  a  clear  idea  of  the 
nature  of  the  power  level  response. 

For  oscillator  design,  the  flicker  noise  (1/f) 
contribution  of  a  SAW  resonator  should  be 
anticipated.  Recent  workers4  have  reported 
that  no  resonator  flicker  noise  was  detected  in 
a  resonator  stabilized  oscillator.  Our 
experimental  results  are  at  variance  with 
their4  observations  and  we  present  flicker 
noise  data5  for  two  devices. 


Frequency  Trimming 

Narrowband  surface  acoustic  wave  resonators^ 7 
and  delay-line  type  filters**  will  generally 
require  post-fabrication  adjustment  (trimming) 
of  the  resonant  or  the  synchronous  frequency. 
Most  narrowband  SAW  devices  are  fabricated  on 
quartz,  for  temperature  stability,  with  aluminum 
being  used  for  the  interdigital  transducer 
electrodes.  Previously  published  trimming 
techniques,  such  as  the  implantation  of  high 
energy  ions, 9  application  of  overlay 
films, 10  or  alteration  of  the  reflection 
grating  depth  by  etching  through  a  metal  film 
mask, I*-!4  either  increase  the  long  term  aging 
rate  of  the  device  or  have  the  disadvantages 
associated  with  metal  reflectors.  Here  we 
discuss  a  frequency  trimning  technique  in  which 
we  change  the  transducer  electrode  step  height, 
with  a  resultant  change  in  the  SAW  velocity  and 
transducer  reflectivity,  by  selectively  etching 
the  quartz  substrate  using  a 
tetrafluoromethane -oxygen  (CFx  ♦  O?) 
plasma.  Previous  workers!!'*4  have  failed  to 
recognize  the  useful  effects  of  etching  the 
transducers,  and  for  this  reason  we  discuss 
theory  which  increases  our  understanding  and 
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techniques  which  are  more  general  in 
application.  The  significant  aspect  of  this 
work  is  that  we  demonstrate  the  ability  to 
frequency  trim  SAW  devices,  particularly 
resonators,  by  changing  only  the  transducer 
configuration.  The  procedure  is  useable  for  all 
types  of  narrowband  devices  on  quartz,  it 
utilizes  readily  available  equipment,  and  the 
long-term  device  aging  rate  is  not  changed. 

Also,  the  procedure  is  simple  to  implement  and 
it  has  been  used  successfully  to  trim  the 
frequencies  of  resonators  used  in  two  systems 
applications* 

The  physical  effect  of  selectively  etching  the 
quartz,  for  several  representative 
aluminum-on-quartz  device  configurations,  is 
shown  schematically  in  Fig.  1.  The  section 
views  before  etching  are  shown  on  the  left  side 
of  Fig.  1  and  the  configurations  after  etching 
are  shown  on  the  right  side.  In  each  case  the 
aluminum  electrodes  remain  substantially 
unchanged  (etch  rate  differences  on  the  order  of 
10:1  are  generally  obtained)  while  the  quartz  is 
removed  in  a  uniform  manner.  In  Fig.  la  we  show 
a  commonly  used  resonator  configuration  and  it 
is  for  resonator  tr inning  that  this  procedure 
was  originally  developed.  However,  the 
procedure  is  effective  for  all  SAW  devices  on 
quartz  with  aluminum  transducer  electrodes.  Two 
frequently  used  configurations  for  SAW 
delay-line  filters  (which  utilize  travelling 
waves)  are  shown  in  Fig.  lb  and  c. 
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Fig.  1.  Section  views  of  several  of  the  SAW 
device  configurations  which  may  be 
frequency  trimmed  using  selective 
etching  of  the  quartz.  The 
configuration  before  etching  is  shown 
schematically  on  the  left  side  and  the 
system  after  etching  is  shown  on  the 
right  for  each  case. 


The  etching  process  may  be  performed  by  RF 
sputtering  or  plasma  assisted  etching  which 
processes  are  discussed  in  Ref.  15,  sections 
1 1— 1  and  ¥-2,  respectively.  The  gas  mixture  we 
use  is  CF4  (80  percent)  +  O2  (20  percent)  by 
volume,  though  the  percentage  of  0?  is  not 
critical,  and  our  trimming  is  usually  performed 
in  an  RF  sputtering  station  with  a  backfill 
pressure  of  about  20  microns  (of  Hg)  at  a  power 
density  in  the  range  of  0.1  W/cm2.  We  have 
successfully  performed  device  trimning  in  a  very 
simple  barrel-type  plasma  reactor*6  though  the 
trim  rates  are  much  lower  than  for  RF 
sputtering.  The  etching  of  the  quartz  is 
performed  by  chemically  reactive  iens  formed  by 
disassociation  of  the  CF4.  The  function  of 
the  O2  is  to  suppress  fluorocarbon-polymer 
formation  (which  coats  the  device  surface  in  the 
absence  of  O2),  and  to  enhance  etching  by  the 
formation  of  an  oxyfluoride  (OF)  species**  and 
by  increasing  the  fluorine-carbon  ratio***. 

The  frequency  trim  rate  for  a  given  device 
design  is  established  empirically  by  subjectinga 
device  to  the  etching  process  for  a  given  length 
of  time.  For  instance,  the  500  MHz  resonators 
discussed  in  Ref.  2  have  a  trim  rate  on  the 
order  of  7  kHz/sec  downward,  for  the  RF 
sputtering  conditions  stated  above.  We 
generally  trim  a  device  to  frequency  using  an 
iterative  procedure  so  as  not  to  reduce  the 
frequency  below  that  which  is  desired.  Also, 
the  devices  are  designed  and  fabricated  to  have 
an  initial  frequency  higher  than  the  final 
frequency  desired.  The  maximum  trimming  range 
for  resonators  being  made* >2  is  approximately 
500  parts-per-mill ion  (ppm).  This  range  is 
adequate  to  compensate  for  the  maximum 
device-to-device  frequency  variations  of  about 
300  ppm  we  experience  for  devices  on  a  given 
substrate.  Our  photomask  designs  and 
fabrication  procedures  allow  consistent 
attainment  of  initial  device  frequency  close 
enough  to  the  desired  frequency  such  that  this 
trimming  procedure  may  be  successfully  applied. 
Devices  may  be  trimmed  to  within  5  ppm  or  less. 
With  this  trimming  procedure  we  have  improved 
our  device  yield  from  less  than  5  percent  due  to 
frequency  inaccuracies,  to  greater  than 
70  percent.  We  will  generally  lose  a  number  of 
the  devices  on  a  substrate  due  to  other 
fabrication  errors  and  difficulties. 

There  are  two  physical  reasons  why  the 
frequency  is  reduced  when  the  quartz  is 
selectively  etched.  The  first  is  due  to  the 
velocity  decrease  associated  with  an  increase  in 
the  energy  storage*9  of  the  larger  physical 
steps.  This  is  the  reason  for  the  downward 
frequency  shift  of  delay-line  filters  utilizing 
either  quarter-wavelength,  recessed,  or 
eighth-wavelength  (split)  electrodes.  We  have 
experimentally  demonstrated  this  downward  shift 
for  a  variety  of  devices  in  our  laboratory.  For 
example,  the  synchronous  frequency  of  a 
0.7  percent  bandwidth  150  MHz  split-electrode 
delay  line  filter  was  trimmed  200  kHz  downward 
by  etching  for  four  minutes  using  the  conditions 
stated  earlier.  The  second  reason  for  the 
downward  frequency  shift,  in  resonators  only,  is 


309 


the  increase  in  transducer  ref lectivity?0  for 
recessed  (Fig.  la)  or  quarter-wavelength-surface 
(Fig.  lb)  electrodes.  In  resonators  on  quartz 
we  generally  make  every  effort  to  reduce  the  SAW 
reflectivity  of  the  transducers  to  a  negligible 
amount  to  reduce  resonance  distortion?. 

However,  to  trim  the  resonance  frequency 
downward  we  intentionally  increase  the 
transducer  reflectivity  by  increasing  the  height 
of  the  steps.  The  downward  shift  in  resonance 
frequency  is  due  to  the  interactions  between  the 
waves  reflected  from  the  transducers  and  those 
reflected  by  the  reflectors  as  the  transducer 
reflectivity  is  increased.  For  devices  with 
grooved  reflectors  no  change  in  the  groove  depth 
occurs,  and  the  maximum  trim  range  for 
resonators  utilizing  such  reflectors  is  set  by 
the  amount  of  resulting  resonance  distortion 
which  is  acceptable  and  the  stopband  width  of 
the  reflectors.  The  trim  range  attainable  by 
etching  only  the  transducers  has  been  found  to 
be  completely  acceptable.  We  note  that  a 
somewhat  larger  trim  range  is  possible 
for  devices  using  metal  reflectors  because  the 
stopband  of  such  a  reflector  also  shifts  down  in 
frequency  as  the  step  height  is  increased. 

Using  our  trimming  procedure  we  etch  the  entire 
device  rendering  masking  of  particular  device 
sections  unnecessary,  and  we  can  trim  resonators 
which  have  the  desirable  characteristic  of 
containing  no  metal  in  the  reflectors. 

For  delay  line  type  filters  using  the 
configurations  shown  in  Fig.  1  (b)  and  (c)  the 
increased  step  height  decreases  the  velocity  and 
the  synchronous  frequency  in  a  predictable  way. 
It  is  known  that  the  energy  storage  effect^9 
decreases  the  velocity  as  a  function  of  the 
square  of  the  relative  step  height  (h/x0)2, 
where  h  is  the  height  and  x0  is  the  surface 
wavelength.  For  a  device  with  initial  frequency 
fl  and  metal  step  height  hj  (the  effect  of 
an  aluminum  step  is  approximately  the  same  as 
that  of  a  step  in  the  quartz),  the  total  step 
height  hj  required  for  a  final  frequency  fj 
(f 2  <  f i )  is  given  by  (1),  where 


V0  is  the  free  surface  velocity  and  K  is 
approximately?  10.5.  Using  (1)  we  predict 
that  an  increase  in  step  height  of  1200  A  is 
required  (from  1700  A  to  2900  A)  in  the  delay 
line  filter  discussed  earlier  to  decrease  the 
frequency  by  the  observed  200  kHz.  This  is  in 
reasonable  agreement  with  the  1000  A  increase 
step  height  actually  produced  during  etching. 

In  resonators  the  change  in  reflectivity  of 
the  transducers,  as  the  step  height  is  changed, 
has  a  dominant  effect  on  the  resonance 
frequency.  Equivalent  circuit  model 
calculations  we  have  performed  indicate  that  the 
frequency  decrease  due  to  changes  in 


reflectivity  will  in  general  be  substantially 
larger  than  the  decrease  due  to  altering  the 
velocity.  Our  resonators  have  utilized  the 
configuration  of  Ftg.  la  (recessed-transducers/ 
grooved-reflectors)  and  we  have  always  been  able 
to  obtain  an  acceptably  large  trim  range  using 
the  above  etching  procedures. 

In  order  to  illustrate  the  effectiveness  of  this 
trinming  procedure,  we  show  in  Fig.  2  the 
response  of  a  500  MHz  two-port  SAW  resonator 
before  and  after  RF  sputter  etching  as  described 
above.  We  note  the  downward  shift  of  200  kHz 
(or  400  ppm)  with  no  increase  in  distortion  of 
the  response.  This  device,  described  in  detail 
elsewhere?,  was  etched  for  30  seconds. 

This  trimming  procedure  is  also  being  applied  in 
the  development  of  multipole  SAW  resonator 
filters.  In  this  type  of  filter  there  exists  a 
requirement  to  routinely  set  each  pole 
frequency,  in  isolation,  to  better  that  5  ppm. 
Recent  trimming  work  on  a  three-pole  filter  at 
150  MHz  demonstrates  that  we  can  readily  meet 
this  requirement. 


Fig.  2  Frequency  response  of  a  500  MHz  two-port 
SAW  resonator  before  and  after  trimming  using 
reactive  RF  sputter  etching  in  a  CF4  +  0? 
plasma. 
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Power  Level  Tests 

In  order  to  use  SAW  resonators  most  effectively 
in  systems,  we  must  know  the  maximum  safe  power 
input  level,  and  the  variation  of  frequency  with 
drive  level.  In  addition  we  wish  to  understand 
the  nature  of  the  over-power  failure  mechanism 
and  the  change  in  device  response  under 
over-power  conditions.  To  these  ends  we  have 
tested  single-pole,  two-port  SAW  resonators? 
which  operate  at  500  MHz  and  which  are 
fabricated  on  the  "ST"  cut  of  quartz.  The 
devices  were  tested  by  amplifying  a  sythesized 
signal  to  a  given  power  level,  passing  this 
signal  through  the  electrically  matched 
resonator  filter,  and  monitoring  the  output 
power  level.  The  resonance  frequency  is  defined 
as  the  mean  of  the  3  dB  points,  and  the 
reference  power  level  is  taken  at  the 
approximate  peak  of  the  filter  response.  A 
device  was  tested  'th  varying  input  power 
levels,  until  a  po  r  level  was  reached  at  which 
the  resonance  frequency  changed  rapidly  (within 
minutes)  with  constant  input  power.  These 
results  are  summarized  in  Fig.  3  where  we  see 
that  the  resonance  frequency  begins  to  increase 
at  a  drive  level  of  about  10  dBm  (corresponding 
to  an  acoustic  power  flow  of  about 
7.5  xW/cm?).  The  resonance  frequency 
continued  to  increase  rapidly  with  increasing 
drive  level,  but  remained  constant  at  a  given 
drive  level.  However,  at  about  +24  dBm  input 
power  the  resonance  frequency  drifted  downward 
by  about  20  ppm  in  the  interval  of  several 
minutes.  The  curve  of  Fig.  3  is  thus  shown  as  a 


ACOUSTIC  POWER  FLOW/UNIT  WID  rH  (kW/cm2> 


2  4  7.5  23  7  75 


Fig.  3  Variation  of  resonance  frequency  with 
input  drive  level.  The  relatively  sharp 
threshold  for  frequency  change  (A)  and  for 
damage  (B)  are  to  be  noted. 


dashed  line  with  a  steep  negative  slope,  and  we 
take  +24  dBm  as  the  threshold  for  damage.  We 
note  that  the  drive  level  effect  (frequency 
change  with  input  power)  and  the  damaging  power 
levels  both  have  fairly  sharp  thresholds. 
Extended  power  level  tests  have  been  performed 
at  500  MHz  and  we  have  found  no  change  in  the 
filter  response  following  1200  hours  at  an  input 
power  level  ef  +18  dBm.  Also,  two-port 
resonator  filters  at  840  MHz*  have  been  in 
operating  oscillators  for  over  one  year  at  an 
input  power  levels  of  +13  dBm  with  no 
degradation  in  performance.  These  data  show 
that  SAW  resonators  of  the  type  discussed 
hereU2  have  a  realtively  high  power  handling 
capacity. 

The  device  of  Fig.  3  has  a  desired  operating 
power  level  of  +13  dBm  which  is  well  within  the 
safe  drive  level  range.  However,  there  is  an 
upward  frequency  shift  of  about  3  ppm. 

The  change  in  device  response  when  the  device 
has  been  damaged  by  excessive  input  power  is 
shown  in  Fig.  4.  The  undamaged  response  is 


Fig.  4  Frequency  response  (electrically 
matched)  of  a  500  MHz  SAW  resonator  filter 
before  and  after  applilcation  of  power  in  excess 
of  +26  dBm  for  about  10  minutes. 
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shown  in  Fig.  4(a)  where  the  resonance  frequency 
(500  MHz)  and  undistorted  response  are  to  be 
noted.  In  Fig.  4(b)  we  see  the  response  after 
application  of  +26  dBm  for  about  10  minutes. 

The  resonance  frequency  has  decreased  by  240  ppm 
and  a  strong  third  order  transverse  mode 
response  has  developed  on  the  high  side  of 
resonance.  In  Fig.  5  we  shown  scanning  electron 
micrographs  (at  25.000X)  of  the  damaged 
electodes  (aluminum)  of  the  filter  of 
Fig.  4(b).  The  damaged  and  undamaged  portions 
are  indicated.  The  damaged  areas  show  the 
development  of  many  small  growths  which  we 
attribute  to  electromigration’l  as  well  as 
stress  induced  migration??  of  the  electrode 
metal.  We  note  from  Fig.  5,  and  from  other 
micrographs,  a  distribution  of  damage  on  the 
electrode  edges  which  is  compatible  with  the 
electric  field  distributions.  We  have  been 
using  a  mixture  of  aluminum  plus  about  3  percent 
copper?!  for  the  device  electrodes  to  increase 
the  threshold  power  level  for  damage. 


Fig.  5  Scanning  electron  micrographs  (25.000X) 
showing  the  damage  In  the  aluminum  electrode 
structure  following  application  of  very  high 
power  levels.  The  damage  seen  is  the  result  of 
electromigration  plus  stress  induced  migration 
of  the  metal.  The  electrodes  are  1.6  microns 
wide  and  700  A  thick. 

Resonator  1/f  Phase  Noise 

In  a  recent  paper,  Parker??  presented  results 
showing  that  the  close-to-carrier  1/f  phase 
noise  (or  flicker  noise)  in  a  SAW  resonator 
stabilized  oscillator  was  due  primarily  to  the 
resonator.  More  recent  work  by  Penavaire* 
et.  al.  indicated  that  the  resonator  in  their 


oscillator  contributed  little,  if  any,  phase 
noise.  Here  we  present  1/f  phase  noise  data 
taken  by  Parker^  on  resonators  made  at  Sperry 
Research  to  show  that  this  device  noise  is 
clearly  measureable  and  may  be  significant  in 
certain  oscillator  applications.  In  Fig.  6(a), 
the  two-point  fractional  frequency  deviation,  or 
Allen  variance,  o^,  is  plotted  for  two  500  MHz 
SAW  resonator?  stabilized  oscillators  versus 
the  frequency  counter  gate  time  (t).  These  °a 
measurements,  which  were  taken  using  the  closed 


(a)  ALLEN  VARIANCE 


lb)  SINGLE  SIDEBAND  PHASE  NOISE  «'  •«> 


Fig.  6  SAW  resonator  1/f  phase  (flicker)  noise 
data  for  two  500  MHz  devices.  The  upper  section 
(a)  shows  the  resonator  stabilized  oscillator 
two-point  fractional  frequency  deviation  (Allen 
variance)  versus  frequency  counter  gate  time, 
and  the  lower  section  (b)  is  the  equivalent 
single  sideband  phase  noise  versus  off-set 
frequency  with  the  characteristic  1/f 3 
frequency  dependence. 
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loop  circuit  (Fig.  1  of  Ref.  23),  show  values 
which  are  almost  identicle  for  both  devices  on 
this  variance  scale.  The  value  is  about 
2  X  10-10  for  i  <  T  <  100  msec.  The 
equivalent  single  sideband  phase  noise  as  a 
function  of  Fourier  (off-set)  frequency  from  the 
carrier  is  shown  in  Fig.  6(b)  where  the  separate 
device  values  are  distinguishable.  The  slope  of 
the  curve  in  Fig.  6(b)  shows  the  l/f3 
frequency  dependence  characteristic  of  device 
flicker  noise  in  an  oscillator. 

From  the  above  discussion,  we  see  that  flicker 
noise  is  indeed  present  in  devices  produced  at 
Sperry  Research  and  Raytheon  Research.  These 
results  are  at  variance  with  the  data  presented 
by  Penavaire  et.  al.  who  reports  no  flicker 
noise  in  their  devices.  It  is  of  interest  to 
determine  why  no  resonator  phase  noise  was 
detected  by  these  latter  workers. 

Summary 

We  have  presented  a  frequency  trimming  technique 
for  SAW  resonator,  and  also  delay-line,  filters 
which  utilizes  selective  etching  of  the  quartz 
substrate  to  modify  the  transducer  electrode 
configuration.  In  this  technique  we  utilize  the 
velocity  slowing  and  the  increase  in  transducer 
reflectivity,  associated  with  an  increase  in 
transducer  electrode  step  height,  to  effect  a 
required  downward  frequency  shift.  Procedural 
details  and  experimental  results  are  presented. 
The  response  of  SAW  resonators  to  high  input 
power  levels  has  been  determined,  and  we  find  an 
increase  in  resonance  frequency  with  drive  level 
with  a  fairly  sharp  threshold.  Also,  the 
threshold  for  damage  was  found  to  be  rather 
sharp  (at  about  *24  dBm  for  the  500  MHz  devices 
tested)  and  the  damage  mechanism  is  shown  to  be 
electrode  deformation  due  to  electro-and  stress 
induced  metal  migration.  Resonator  1/f  phase 
noise  data  are  presented  and  these  data  are 
compared  with  the  results  of  other  workers,  some 
of  whom  report  no  resonator  noise  of  this  type. 
This  reported  lack  of  resonator  flicker  noise^ 
invites  further  investigation. 
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GaAs  SAW  RESONATOR  OSCILLATORS 
WITH  ELECTRONIC  TUNING 
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Abstract 

High  Q  SAW  resonators  have  been  fabricated  on 
GaAs  and  used  to  control  the  frequency  of  oscilla¬ 
tors.  Since  GaAs  is  both  a  piezoelectric  and  semi¬ 
conducting  material  i  there  is  the  potential  of  ob¬ 
taining  complete  oscillators  in  monolithic  form  with 
frequency  tuning  by  electronic  means.  SAW  resona¬ 
tors  were  studied  parametrically  on  semi-insulating 
GaAs  substrates.  These  devices  had  either  groove 
or  metallic  electrode  reflective  gratings.  Tunable 
SAW  resonators  were  fabricated  on  epitaxial  GaAs 
substrates  that  used  Schottky  barrier  elec trodes  as 
the  resonator  gratings.  The  tuning  did  not 
materially  alter  insertion  loss.  Two-port  resonator 
insertion  loss  values  were  typically  between  15  and 
20  dB  and  loaded  Q  values  at  180  MHz  were  as  high 
as  12,000.  Although  the  temperature  coefficient 
of  delay  for  GaAs  is  52  ppm/°C,  it  is  possible  to 
temperature  compensate  GaAs  delay  lines  by  the 
addition  of  a  Au/SiO^  layer. 

1.  Introduction 

The  piezoelectric  properties  of  semiconducting 
GaAs  provide  a  means  for  developing  high  quality 
SAW  resonators  with  electronic  tuning.  These  GaAs 
substrates  with  useful  SAW  properties  are  also 
suitable  for  other  electronic  components  such  as 
amplifiers.  Thus,  there  is  a  potential  for  develop¬ 
ing  CaAs  integrated  circuits  that  would  include 
SAW  oscillator  as  well  as  other  SAW  and 
electronic  devices  for  complete  integrated  subsys¬ 
tems.  An  example  of  the  frequency  response  of  a 
SAW  resonator  at  180  MHz  is  shown  in  Figure  1. 

It  has  an  Insertion  loss  of  13  dB  and  a  Q  of  9300. 

The  preferred  orientation  of  GaAs  substrates 
for  SAW  applications  Is  the  surface  with  a  <001> 
normal  and  propagation  in  the  (110)  direction. 

The  SAW  properties  for  this  orientation  are  listed 
in  Table  I  and  are  compared,  for  reference,  with 
those  of  the  conmonly  used  ST  cut  of  quartz.  The 
similarity  in  properties,  except  for  temperature 
sensitivity,  is  evident  and  indicates  the  practical 
value  of  GaAs. 

This  work  was  partially  supported  by  USAERADCOM, 

Ft.  Monmouth,  N.J,  under  Contract  DAAK20-79-C-0263. 
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Fig.  1  Frequency  Response  of  a  Two  Port  GaAs 
Resonator 

2.  GaAs  SAW  Resonators  and  Electronic  Tuning 

In  order  to  characterize  the  SAW  resonators  a 
series  of  devices  were  fabricated  on  semi-insulat¬ 
ing  CaAs.  The  grating  reflectors  used  were  formed 
from  either  parallel  grooves  or  parallel  metal¬ 
lic  electrodes.  The  metallic  electrode  gratings 
are  later  described  for  use  as  electronic  tuning 
elements  on  epitaxial  GaAs.  A  cross  section  of  the 
SAW  resonators  is  shown  in  Figure  2.  The  same 
photolithographic  masks  were  used  for  both  grooves 
and  metallic  lines  resonators.  Thus,  by  varying 
the  processing,  identical  input  and  output  trans¬ 
ducer  were  obtained  while  the  groove  grating  lines 
were  offset  by  one-half  a  period  from  the  metallic 


TABLE  I 

GaAs  AND  QUARTZ  SAW  PROPERTIES 


GaAs* 

QUARTZ  (ST) 

VELOCITY  (m/sec) 

2868 

3158 

JVA/ 

3  6  X  10-4 

5  8x  10'4 

ATTENUATION 
(180  MHz) 

1  dB/cm 

0  31  dB/cm 

LINEAR  TEMPERATURE 
COEFFICIENT  OF 

DELAY  (PPM/*C) 

+  52 

0  (AT  -26*C) 

*  SURFACE  NORMAL  (001],  PROPAGATION  (110) 
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Fig.  2  Cross  Sectional  Views  of  GaAs  SAW 
Resonators 

grating  lines.  The  sketches  of  the  resonators  in 
Figure  2  also  indicate  the  pertinent  dimensions  of 
the  devices. 


technique  approximately  700  ppm  change  in  velocity 
o 

has  been  observed  .  The  actual  tuning  range  is 
determined  by  the  epitaxial  layer  properties,  the 
distribution  of  the  SAW  electric  field  in  the  layer* 
and  the  relative  length  of  the  tuned  portion  of  the 
resonator . 


The  effect  of  the  SAW  resonator  parameters  on 
the  electronic  tuning  range  can  be  related  to  the 
delay  times  associated  with  the  various  sections  of 
the  resonators  shown  in  Figure  4.  The  results  of  an 
analysis  of  the  tuning  range  is  given  in  Eq.  (1) 
which  contains  only  the  most  significant  terms 


An  epitaxial  semiconducting  layer  was  provided 
for  electronic  tuning*.  Direct  electronic  tuning 
of  the  resonator  frequency  was  then  accomplished 
by  varying  the  SAW  velocity  within  the  Schottky 
barrier  grating  by  controlling  the  depletion  layer 
depth.  The  shorting  of  the  electric  fields 
accompanying  the  SAW  by  the  free  carriers  in  the 
undepleted  regions  alters  the  SAW  velocity  but  does 
not  materially  alter  attenuation.  Figure  3 
shows  a  section  of  a  tuned  grating,  using  Shottky 
barrier  electrodes,  with  a  depletion  region  assoc¬ 
iated  with  each  electrode.  As  the  reverse  bias  is 
increased  the  individual  depletion  regions  expand 
and  then  merge  into  a  single  region  as  the  tuning 
continues  until  the  epitaxial  region  is  completely 
depleted.  The  reverse  bias  is  applied  between  the 
grating  resonator  electrodes  and  an  ohmic  contact 
electrode  that  is  placed  outside  the  SAW  region. 
Typical  doping  levels  of  the  GaAs  epitaxial  layer 
were  about  10*^  carriers  per  cubic  cm  and  the 
typical  thicknesses  were  about  3  urn.  At  this  doping 
level  the  undepleted  semiconducting  region  appears 
as  a  good  conductor  at  180  MHz.  With  this  tuning 


where 

r G  -  lfvlf  (2) 

and  where  fc  is  the  center  frequency  of  the  response 
of  the  grating  reflector,  vc  is  the  velocity  under 
the  gratings,  tl  is  the  grating  gap  delay,  tg  is  the 
equivalent  group  delay  of  the  grating  reflector, 
and  Af  is  the  bandwidth  of  the  gratings.  The  change 
Atl,  associated  with  the  gap  between  the  gratings 
that  contains  the  transducers,  is  relatively  small 
because  the  transducers  region  cannot  be  tuned 
electronically  along  with  the  gTatings.  The  region 
around  the  transducers  must  be  completely  depleted 
because  the  transducer  coupling  is  greatly  reduced 
by  the  presence  of  carriers*. 
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Fig.  3  Tunable  Schottky  Barrier  SAW  Grating 
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Fig.  4  Sketch  of  a  Complete  Tunable  GaAs  SAW 
Resonator 


From  Eq.  (1)  it  is  seen  that  the  maximum  tuning 
range  is  obtained  for  large  values  of  t^.  This 
condition,  it  can  be  shown.  Leads  to  a  relative 
maximum  tuning  range  equal  to  the  relative  change  in 
the  SAW  velocity  in  the  grating  region,  Eq.  (3). 

A 

f 

This  condition  implies  that  the  grating  should  be 
designed  with  weak  reflectors  so  that  the  frequency 


Av 


Itglarge 
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response  of  the  grating  will  be  relatively  narrow 
in  accordance  with  Eq .  (2)  which  indicates  that 
is  inversely  proportional  to  grating  bandwidth*1  . 

3.  Experimentally  Determined  Parameters 
of  GaAs  Resonators 

Two  basic  parameters  for  designing  a  resonator 
grating  are:  1)  the  strength  of  the  grating  AZ/Z, 
and  2)  its  center  or  synchronous  frequency  f  .  Both 
are  characterized  in  terms  of  h/X,  the  normalized 
grating  electrode  height  or  groove  depth.  The 
parameter  AZ/Z  is  the  relative  change  in  character¬ 
istic  impedance  of  an  equivalent  periodically 
stepped  transmission  line  associated  with  the  grat¬ 
ing.  From  theoretical  considerations,  a  relation- 
ship  for  AZ/7.4’5  is: 


'  2  —2 
n  Af 


where  the  term  Af  is  the  grating  bandwidth,  defined 
as  the  spacing  between  the  edges  of  the  transmission 
frequency  response  for  propagation  through  a  single 
grating,  and  N  is  the  number  of  grating  lines.  The 
linear  coefficient  a  inEq.  (4)  has  characteristic 
values  for  metallic  lines  and  grooves  depending 
upon  the  particular  substrate  material  used.  The 
parameter  AZ/Z  in  Eq.  (4)  is  also  related  to  the 
maximum  value  of  the  grating  insertion  loss  response 
(i.e.,  transmission  through  a  single  grating)  at 
the  synchronous  frequency.** 

The  synchronous  or  center  frequency  of  the 
grating  is  equal  to 

fc  -  vc/A  (5) 

where  vc  is  the  grating  velocity  and  A  is  twice  the 
periodicity  of  the  grating,  i.e.,  the  synchronous 
wavelength  is  fixed  by  the  geometry  of  the  grating, 
rhe  grating  velocity,  v  ,  is  in  turn  given  approxi- 
mately  byJ 

vc  ■  Vo  1  -  j  <6) 


response  yield  basic  parameters  required  for  pro¬ 
per  resonator  design.  The  results  of  measurements 
made  on  a  series  of  devices  with  different  values 
of  h  were  used  to  obtain  values  of  the  coefficient 
in  Eq.  (6)  for  the  effective  grating  velocity 
for  grooves  and  for  metallic  gratings.  The  grat¬ 
ing  velocity  is  plotted  in  Figure  5  as  a  function 
of  (h/X)^  showing  the  predicted  linear  relation¬ 
ships  of  Eq.  (6).  The  grooves  have  a  stronger 
effect  on  the  grating  velocity.  The  experimentally 
determined  values  for  Ky  are  4.6  for  metal  lines 
and  20.6  for  grooves.  These  values  are  based  upon 
measurements  at  179  MHz,  The  values  may  not 
necessarily  be  completely  Independent  of  frequency 
as  was  pointed  out  for  quartz**.  The  grating 
strength  in  terms  of  AZ/Z,  the  incremental  change 
in  transmission  line  Impedance  at  the  grating  edges, 
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Fig.  5  Synchronous  Velocity  for  GaAs  Gratings  as 
a  Function  of  h/X 

is  plotted  In  Figure  6  as  a  function  of  h/X  for 
groove  gratings  and  for  metal  line  gratings.  The 
values  of  AZ/Z  were  calculated  from  grating  band¬ 
width  (AT)  measurements  using  Eq.  (4a).  The  exper¬ 
imental  results  show  the  expected  linear  relation¬ 
ship  between  AZ/Z  and  h/X.  The  slopes  of  the 
curves,  comparing  grooves  and  metal  lines,  do  not 
show  as  clear  a  difference  as  was  found  for  the 
synchronous  velocity.  The  linear  coefficient  from 
our  experiment  was  1.2  and  1.6  for  groove  resona¬ 
tors  and  was  1.1  for  metal  strip  grating  devices. 


where  vQ  is  the  limiting  SAW  velcrfty  within  the 
grating  as  h/X  goes  to  zero.  For  grooves  this 
velocity  would  be  that  for  a  free  surface  while  for 
metal  electrodes,  it  would  correspond  to  an  effec¬ 
tive  value  for  the  case  of  periodic,  massless 
shorting  electrodes. 

Measurements  of  the  grating  transmission 


4.  Measurements  of  Electronically  Tuned 
Resonators  and  Oscillators 

Representative  frequency  response  curves  for  a 
resonator  with  zero  bias  and  a  -15  volt  bias  applied 
to  the  gratings  is  shown  in  Figure  7.  The  maximum 
frequency  shift  observed  was  30  kHz,  or  170  ppm 
relative  to  the  resonant  frequency  of  179  MHz.  In 
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Fig.  6  Dependence  of  AZ/Z  for  GaAs  Gratings  as  a 
Function  of  h/A 


0  2  MH//div 

Fig.  7  Frequency  Response  of  Epitaxial  GaAs  SAW 

Resonator  at  1"  and  0  Volts  Reverse  Tuning 
Bias 


this  case  the  tuned  region  was  only  one-third  of 
the  total  delay  path  as  discussed  with  respect  to 
Eq.  (1).  This  frequency  shift  corresponds  to  about 
1.5  times  the  3  dB  bandwidth.  The  insertion  loss 
and  loaded  Q,  with  transducers  operated  without 
series  tuning  inductors,  were  22  dB  and  5500,  re¬ 
spectively.  Over  the  voltage  tuning  range,  with 
increasing  reverse  bias,  the  insertion  loss  typically 
increased  by  about  0.5  dB.  When  the  transducers 
were  series  tuned,  the  insertion  loss  was  decreased 
to  values  as  low  as  4  dB  while  the  resonator  loaded 
Q  was  reduced  to  less  than  2000.  Voltage  tuning  by 
means  of  an  additional  intracavity  plate  electrode 
phase  shifter  was  typically  an  order  of  magnitude 
less  than  that  observed  with  grating  bias  because  of 
the  relatively  small  portion  of  the  acoustic  path 
occupied  by  the  phase  shifter. 

A  circuit  schematic  for  the  tunable  oscillator 
is  shown  in  Figure  8.  The  two  port  GaAs  SAW  reson¬ 
ator  is  used  in  the  feedback  loop.  The  heavy  lines 
trace  out  the  rf  feedback  path.  The  remainder  of 
the  oscillator  rf  circuit  path  contains  amplifiers, 
dc  blocking  capacitors,  and  two  T-section  LC  fil¬ 
ter  stages  for  fine  adjustment  of  loop  transmission 
phase  in  order  to  insure  oscillation  as  close  as 
possible  to  the  resonant  frequency  of  the  GaAs  SAW 
resonator.  The  output  of  the  oscillator  is  capac- 
itively  coupled  through  C^.  Transducer  dc  bias  is 
applied  through  10k  ohm  isolation  resistors,  and 
bypass  capacitors  are  used  to  provide  direct  rf 
ground  for  the  transducers.  The  dc  bias  and  ground 
connections  for  resonator  tuning,  using  both  the 
Schottky  barrier  resonator  gratings  and  a  plate 
electrode  between  input  and  output  transducers, 
are  also  indicated.  The  amplifier  bias  connections 
are  made  through  choke  inductors  for  isolation  in 
order  to  minimize  the  dc  power  consumption  of  the 
circuit.  The  SAW  resonator  was  mounted  alongside 
the  circuit  board  and  the  transducer  ports  of  the 
GaAs  SAW  resonator  were  wirebonded  to  pads  on  the 
circuit  board.  All  other  oscillator  circuit  com¬ 
ponents  were  mounted  on  the  printed  circuit  board. 

The  frequency  tuning  range,  frequency  tempera¬ 
ture  sensitivity,  and  short  term  frequency  stability 
(Allan  variance  for  a  one  second  gating  time)  were 
evaluated  for  a  tunable  GaAs  SAW  oscillator.  In 
the  oscillator,  the  small  signal  amplifier  gain 
available  was  approximately  28  dB  while  the  tunable 
GaAs  SAW  resonator  had  a  minimum  insertion  loss  of 
about  22  dB.  There  were  provisions  on  the  circuit 
board  to  inductively  match  the  transducers  if  It 
was  desired  to  use  less  amplifier  gain  or  fewer 
amplifiers.  In  the  present  circuit  the  dc  bias 
condition  for  each  amplifier  is  6V  @  25  mA,  thus 
the  total  dc  power  dissipation  of  the  oscillator 
electronics  is  only  300  mW. 

The  oscillator  tuning  curve,  frequency  change 
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GRATING  BIAS  TRANSDUCER  BIAS  PHASE  ADJUST 


Fig.  8  Diagram  of  the  Tunable  GaAs  SAW  Resonator 
Oscillator 


(ppm)  versus  dc  bias  voltage,  is  shown  in  Figure  9. 
The  maximum  total  frequency  tuning  range  for  the 
oscillator  was  about  80  ppm,  for  a  total  reverse 
grating  bias  voltage  change  froi  0V  to  15V.  Most 
of  the  frequency  tuning  occurred  for  reverse  grat¬ 
ing  bias  voltages  between  2  to  6  /olts.  The  remain¬ 
ing  frequency  tuning  for  reverse  bias  voltages 
less  than  7  volts  was  attributable  to  the  residual 
charge  carrier  depletion  between  grating  lines. 
Although  GaAs  SAW  resonators  with  larger  frequency 
tuning  ranges  were  fabricated,  the  device  used  for 
this  oscillator  exhibited  better  insertion  loss  and 
phase  characteristics. 


value  of  +52  ppm/°C  measured  using  long  delay  path 
devices . 


The  oscillator  short  term  stability  (Allan 
variance)  for  a  one  second  gating  time  was  also 
measured.  Measurements  were  made  for  several  values 
of  grating  reverse  bias  voltage  using  sets  of  240 
consecutive  frequency  readings.  Because  the  GaAs 
SAW  substrate  is  not  a  temperature  compensated 
material,  there  was  fiequency  drifting  during  the 
four  minutes  required  for  data  taking  even  though  a 
thermally  isolated  environment  was  used.  The  sen¬ 
sitivity  of  the  oscillator  to  temperature  drifting 
was  estimated  to  set  a  lower  limit  of  about  0.25  x 

_o 

10  on  the  measurements  of  Allan  variance.  A 
measured  value  of  about  1  x  10'®  was  obtained  for 
the  Allan  variances  for  reverse  bias  values  up  to 
about  12  volts.  Near  15  volts  the  Allan  variance 
increased  rapidly  to  a  value  of  about  5  x  10'®. 

This  unexpected  effect  has  yet  to  be  explained.  In 
general,  noise  fluctuations  in  bias  supplies  used 
for  the  gratings  and  transducers  appear  to  have  con¬ 
tributed  to  degrading  the  stability  of  the  oscilla¬ 
tor.  The  best  values  of  Allan  variance,  8  to  9  x 
10~9,  were  measured  when  both  the  gratings  and 
tuning  plate  were  held  at  rf  ground  potential. 


The  temperature  sensitivity  of  the  surface 
acoustic  waves  on  GaAs  is  detrimental  both  for 
long  term  and  short  term  stability.  To  overcome 
this  limitation,  a  technique  for  temperature  com¬ 
pensation  using  an  overlay  of  Au/SiC^/Ti  indicates 
that  a  zero  value  for  the  temperature  coefficient 
of  delay  can  be  obtained**.  The  Si02  provides  the 
compensation  but  the  gold  layer  is  required  to 
keep  the  SAW  in  a  low  loss  mode. 


Fig.  9  GaAs  SAW  Oscillator  Tuning  Curve  with  Both 
Gratings  and  Tlate  Biased 

The  temperature  sensitivity  of  the  oscillator 
was  measured  for  several  reverse  grating  bias  volt¬ 
ages  between  0  and  15  volts.  For  a  temperature 
range  from  10°C  to  45°C  the  linear  temperature 
coefficients  of  delay  for  the  various  grating  bias 
voltage  were  essentially  equal.  The  mean  value  of 
+52.8  ppm/ *C  is  in  very  good  agreement  with  the 


5.  Conclusions 

This  work  has  demonstrated  that  GaAs  is  a 
suitable  substrate  for  the  fabrication  of  high  Q 
SAW  resonators  and  voltage  tunable  resonators  for 
use  in  oscillator  frequency  control.  A  useful 
temperature  compensation  technique  employing  thin 
film  overlays  has  also  been  demonstrated”,  but  has 
ye';  to  be  applied*  to  resonator  design.  These  GaAs 
SAW  components  can  be  fabricated  on  the  6ame  type 
of  substrate  material  as  is  currently  being  used  for 
GaAs  integrated  circuit  development.  It  is  there¬ 
fore  possible  to  integrate  these  SAW  components 
together  with  electronics  on  the  same  monolithic 
substrate.  Such  integration  would  significantly 
reduce  the  size  and  cost  of  high  Q  stable  VHF/UHF 
oscillator  circuits. 
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Summary 

This  paper  examines  the  shallow  bulk  acoustic 
wave  (SBAW)  properties  in  beriinite.  Single  crys¬ 
tals  of  beriinite  were  grown  hydrothermal ly  by  the 
transport  method.  The  crystal  cuts  investigated 
included  rotated  Y  cuts  with  rotation  angle  0  near 
+40.5°  and  -64°.  Theoretical  calculations  based 
on  published  material  constants  of  beriinite  in¬ 
dicated  that  these  crystal  cuts  have  zero  first 
order  temperature  coefficient  of  delay  at  near 
room  temperature. 

The  wave  velocity,  coupling  coefficient,  and 
temperature  behavior  of  the  SBAW  were  charac¬ 
terized  by  fabricating  and  evaluating  delay  lines 
and  oscillators.  The  temperature  behavior  was 
found  to  differ  from  that  of  quartz.  For  quartz, 
a  parabolic  temperature  behavior  exists  for  cuts 
with  *•  near  +40°,  while  a  cubic  temperature  be¬ 
havior  exists  for  cuts  with  0  near  -50°.  For 
beriinite,  the  f requency- temperature  curve  was 
observed  to  be  a  cubic  function  f or  0  =  40.5°, 
while  a  parabolic  function  was  observed  for 
=  -G4'J.  The  effect  of  metallization  is  to 
modify  the  flatness  of  the  frequency-temperature 
curve.  One  of  our  devices  showed  only  2.5  ppm 
shift  in  frequency  over  the  temperature  range  of 
1V*C.  This  is  comparable  to  the  stability  of  SAW 
in  ST  cut  quartz  for  the  same  temperature  range. 

The  investigation  confirms  the  prediction  of 
temperature  stable  SBAW  devices  on  beriinite.  It 
points  out  that  there  a  significant  third  order 
terms  in  the  temperatur-  coefficient  of  the  mate¬ 
rial  constants.  It  is  likely  that  by  adjusting 
the  substrate  angle  and  metal  thickness,  even 
better  temperature  stability  can  be  achieved  with 
this  material. 

Intro duct  ion 

Beriinite  (nt-AfcPO^),  an  m-quartz  lsomorph, 
promises  to  have  a  significant  Impact  on  frequency 
control  due  to  its  unique  combination  of  acoustic 
wave  properties-  The  material  has  a  relatively  high 
electromechanical  coupling  coefficient  and  at  the 


same  time  exhibits  a  temperature-compensated  pro¬ 
perty.  Investigations  of  detailed  acoustic  wave 
properties  in  beriinite  have,  however,  been  ham¬ 
pered  by  the  lack  of  high  quality  single  crystals 
with  adequate  sizes.  Recent  advances  in  crystal 
growth  have  made  available  crystals  with  adequate 
quality  and  dimensions  for  further  evaluation. 

Shallow  bulk  acoustic  waves  or  surface  skim¬ 
ming  waves  are  shear  horizontal  bulk  waves  which 
propagate  along  the  surface  of  the  substrate. 
Devices  based  on  SBAW  in  quartz  have  shown  advan¬ 
tages  including  higher  operating  frequency,  better 
temperature  stability  and  lower  spurious  responses. 
The  SBAW  device  fabricated  on  -50.5°  rotated  Y-cut 
quartz,  for  example,  has  demonstrated  better  tem¬ 
perature  stability  than  SAW  on  ST  quartz. 

SBAWs  in  beriinite  are  expected  to  possess  the 
same  advantages  as  SBAWs  In  quartz.  In  addition, 
due  co  their  higher  coupling,  the  devices  are  ex¬ 
pected  to  have  much  lower  insertion  losses. 

Experimental  Details 

Crystal  Growth 

Because  of  the  a- 3  phase  transition  at  580°C, 
beriinite  crystals  can  be  grown  only  by  the  hydro- 
thermal  process.  Concentrated  phosphoric  acid 
(7.3M)  was  used  as  the  transport  medium.  Since 
the  solubility  of  beriinite  in  phosphoric  acid  is 
retrograde,  crystal  seeds  have  to  be  hung  at  the 
warmer  part  of  the  autoclave,  whereas  the  nutrient 
is  placed  at  the  cooler  part  of  the  autoclave. 

This  is  in  reverse  of  the  arrangement  for  quartz 
crystal  growth. 

Twinning  of  beriinite  is  the  major  obstacle 
to  overcome  in  order  to  grow  usable  material  for 
device  applications.  Both  the  Daupbine  (electri¬ 
cal)  twins  and  the  Brazil  (optical)  twins  are  very 
common  In  beriinite.  As  stated  before,5  Brazil 
twins  are  extremely  easy  to  form  in  beriinite 
crystals  and  are  most  difficult  to  eliminate.  At 
present,  limited  success  has  been  achieved  in 
growing  twin-free,  optically  clear  beriinite 
crystals  up  to  4  cm  in  length. 


♦  phis  work  was  partially  supported  by  the  Army  Research  Off  Pee  under  Contract  No.  DAAC.26-78-C-0043. 
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Crista  1  Subst  rat  e  FabM cation 

The  her  I  ini  to  crystal  which  was  to  he  cut  to 
substrate  slices  was  first  mounted  on  a  two-circle 
goniometer  head  specially  designed  to  fit  to  the 
Rigaku  X-Ray  Piezo-goniometer  machine.  Crystal 
orientation  is  based  on  (10T0)  reflection  with 
2*'  =  22.  31®.  After  the  orientation  was  deter¬ 
mined »  the  goniometer  head  was  transferred  and 
mounted  on  a  Varian  bread-slicer  machine  for  cut¬ 
ting.  It  was  necessary  to  cut  several  crystals 
at  the  beginning  to  make  corrections  for  the  trans¬ 
fer  of  the  goniometer  head  from  the  X-ray  machine 
to  the  slicing  machine.  For  single  rotated  Y-cuts, 
the  accuracy  is  better  than  ♦0.2°  on  rotation  and 
*0. S*  on  tilting. 

The  sliced  substrates  were  first  fine-lapped 
with  a  Hoffman  Lapping  Machine*  and  then  etched 
with  ammonium  hi  fluoride  solution  to  check  twinning. 
Twinned  areas  were  then  trimmed  bc?fore  the  sub¬ 
strates  were  mounted  on  a  LKCO  planetary  lapping 
machine  for  polishing.  Linde  A  alumina  powder 
mixed  with  a  1  to  1  volume  ratio  of  glycerine- 
water  solution  was  used  as  the  polishing  agent. 

Device  Fabrication 


The  wave  velocity,  coupling  coefficient  and 
temperature  coefficient  of  delay  (TCD)  of  SBAW  in 
rotated  Y-cut  berlinite  were  calculated  previously, 
using  material  constants  measured  by  Chang  and 
Barsh.  The  result  indicated  that  temperature 

stable  cuts  occur  in  two  regions  of  the  rotation 
angle  +40.5°  and  -64°.  The  SBAW  in  the  +40.5° 
substrate  corresponds  to  the  SBAW  in  AT-cut  quartz 
while  the  -64°  corresponds  to  that  of  the  BT-cut 
quartz.  We  have  therefore  chosen  these  two  orien¬ 
tations  for  the  present  investigation.  In  addi¬ 
tion,  substrates  with  0  equal  to  39.5°,  40°,  41°, 
and  41.5°  were  also  selected  to  allow  investiga¬ 
tion  of  orientation  dependences  of  various  wave 
quantities. 


SBAW  delay  lines  were  fabricated  for  the 
evaluation  of  wave  properties.  The  delay  lines 
were  fabricated  on  crystal  blanks  with  dimensions 
at  least  5  mm  x  10  mm.  The  direction  of  wave 
propagation  is  at  90°  off  the  X-axis.  The  angle 
accuracy  of  the  alignment  is  estimated  to  be  at 
the  order  of  ±0.5°.  Each  transducer  of  the  delay 
line  consists  of  140  finger  pairs  with  a  uniform 
aperture  width  of  33  wavelengths.  The  transducer 
contained  split  fingers  which  generate  strong  fun¬ 
damental  as  well  as  third  harmonic  responses.  The 
devices  were  fabricated  with  standard  lift-off 
techniques . 


Characterizati on  Techniques 

The  SBAW  velocity  at  room  temperature  was 
measured  from  the  delay  line  synchronous  frequency 
and  the  spacing  of  the  transducer  fingers.  This 
technique  measures  the  SBAW  velocity  under  metal¬ 
lized  transducers.  The  coupling  coefficient  was 
calculated  from  the  measured  synchronous  impedance 
and  static  capacitance  of  the  transducer.  Equiva¬ 
lent  circuit  model2  developed  for  the  SBAW 


transducer  was  used  for  the  calculation.  The  tem¬ 
perature  coefficient  of  delay  (TCD)  was  measured 
by  the  oscillator  method.  The  SBAW  delay  line  was 
incorporated  into  an  oscillator  and  the  output  fre¬ 
quency  measured  as  a  function  of  temperature.  Only 
the  SBAW  delay  line  was  placed  in  the  oven  so  that 
all  other  components  of  the  oscillator  circuit 
remain  unaffected  by  the  temperature  change.  The 
temperature-frequency  curve  can  therefore  be  used 
to  deduce  the  TCD. 


Resul ts 

+40,5°^  Rot  at  ed  Y-Cut_  Ber  l_i  n_ite 

Figure  1  shows  the  frequency  response  of  a 
SBAW  delay  line  fabricated  on  40. 5°  rotated  Y-cut 
berlinite.  The  unmatched  insertion  loss  of  the 
device  wajj  22  dB.  The  response  shape  was  a 
(sin  x/x)  function  and  few  spurious  signals  were 
observed. 


Figure  1.  Frequency  Response  of  SBAW  Delay  Line 
on  40.5°  Rotated  Y-Cut  Berlinite 


The  wave  velocity  as  determined  by  the  center 
frequency  of  the  response  was  4310  m/sec.  This  is 
compared  to  a  theoretically  predicted  velocity  of 
4323  m/sec.  Figure  2  summarizes  the  comparison 
between  theory  and  experiment  of  the  SBAW  veloci¬ 
ties  for  substrates  with  0  near  40.5°.  The  agree¬ 
ment  is  satisfactory.  The  discrepancy  for  the 
40.5°  and  41°  devices  can  be  attributed  to  a  num¬ 
ber  of  factors,  including  metal  loading  effects, 
misalignment  of  transducers  and  inaccurate  crystal 
angles . 

The  temperature  stability  of  the  SBAW  device 
with  0  near  40.5°  was  estimated  theoretically  based 
on  published  material  constants  and  their  tempera¬ 
ture  coefficients.  Since  none  of  the  third  order 
coefficients  was  available,  all  calculated  results 
showed  a  parabolic  dependence.  As  shown  in  Figure 
3,  the  turnover  temperature  of  the  0  ■  40. 5°  sub¬ 
strate  was  calculated  to  be  at  room  temperature. 
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Figure  2.  Theoretical  and  Experimental  Data 
on  SBAW  Velocity  in  Berlinite 


Figure  4.  Frequency-Temperature  Curves  of  SBAW 

Devices  on  Berlinite  with  B  Near  40.5° 


temperature  '•<:> 


Figure  3.  Calculated  Frequency-Temperature 
Curves  of  Berlinite 


The  measured  temperature  behavior  of  the  SBAW 
with  B  near  40.5°  is  shown  in  Figure  4.  These 
frequency-temperature  curves  turned  out  to  be  cubic 
functions.  Zero  first  order  coefficient  occurred 
at  .emperatures  between  50  and  60°C.  It  appeared 
that  with  smaller  9  the  turnover  temperature 
shifted  toward  lower  temperatures.  This  is  in 
contrast  with  the  calculated  result  which  tends 
to  indicate  the  opposite.  It  can  be  concluded 
from  these  measurements  that  some  of  the  third 
and  higher  order  terms  in  the  temperature  coeffi¬ 
cient  of  material  constants  are  significant  and 
cannot  be  neglected.  Furthermore,  the  symmetry  of 
the  third  order  coefficient  of  berlinite  is  dif¬ 
ferent  from  that  of  quartz.  Tn  AT-cut  quartz,  the 
frequency-temperature  curve  of  SBAW  is  parabolic. 

The  shape  of  the  f requency- temperature  curves 
was  found  to  be  dependent  on  the  material  used  in 
the  transducers.  By  using  only  A£  metallization 


without  a  thin  Cr  layer  for  adhesion,  the  frequency 
temperature  curve  was  significantly  changed,  as 
shown  in  Figure  5.  For  these  devices,  the  fre¬ 
quency  shift  is  less  than  180  ppm  over  a  tempera¬ 
ture  range  of  100°C. 


TEMPERATURE  <*C ) 

Figure  5.  Frequency-Temperature  Curves 
of  SBAW  Devices  Fabricated 
Without  a  Cr-Adhesion  Layer 


The  temperature  frequency  curve  was  also 
dependent  on  the  metal  thickness.  Figure  6  shows 
a  measurement  of  the  thickness  dependence  of  the 
temperature  characteristics  of  SBAW  in  40.5°  ro¬ 
tated  Y-cut  berlinite.  The  effect  of  metallization 
is  to  modify  the  flatness  of  the  frequency-tempera¬ 
ture  curve.  The  device  with  thick  metallization 
showed  only  2.5  ppm  shift  in  frequency  over  the 
temperature  range  of  15°C.  This  is  comparable  to 
the  stability  of  SAW  in  ST  cut  quartz  for  the  same 
temperature  range. 
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Figure  6.  Frequency-Temperature  Curves  of  SBAW 
Devices  on  40.5°  Rotated  Y-Cut  Quartz 
With  Two  Different  Metal  Thicknesses 


Figure  8.  Fundamental  and  Third  Harmonic 

Responses  of  SBAW  Delay  Line  Fabri¬ 
cated  on  -64°  Rotated  Y-Cut  Berlinite 


-64°  Rotated  Y-Cut  Ber Unite  frequency  temperature  curve  is  a  cubic  function. 

In  berlinite,  the  slow  SBAW  showed  a  parabolic 

The  frequency  response  of  the  SBAW  in  -64°  dependence.  For  quartz,  the  effect  of  Cr/Al  metal- 

rotated  Y-cut  berlinite  showed  a  series  of  plate  lization  is  to  lower  the  turnover  temperature.  In 

mode  peaks  at  frequencies  slightly  above  the  SBAW  berlinite,  it  appeared  to  increase  the  turnover 

frequency.  By  roughening  the  back  surfaces  of  the  temperature.  The  2nd  order  coefficient  of  delay 

substrate,  these  plate  modes  were  eliminated.  for  the  Cr/Al  device  was  estimated  to  be  approxi- 

Figure  7  shows  the  response  of  the  device  with  mately  190  x  10”v°C^. 

roughened  back  surface.  The  wave  velocity  was 
measured  to  be  2893.6  m/sec,  while  calculation 
predicted  a  velocity  of  2895.1  m/sec. 


FREQUENCY  (MHz)  TEMPERATURE  <*C) 

Figure  7.  Frequency  Response  of  SBAW  Delay  Line  Figure  9.  Frequency-Temperature  Curves  of  SBAW 

on  -64°  Rotated  Y-Cut  Berlinite  Devices  on  -64°  Rotated  Y-Cut  Berlinite 


With  the  plate  mode  suppressed,  the  SBAW 
device  on  -64°  rotated  Y-cut  berlinite  showed  no 
significant  spurious  responses.  This  is  shown  in 
Figure  8,  which  also  shows  the  fundamental  and 
third  harmonic  responses  of  the  delay  line. 

The  frequency-temperature  curve  of  the  SBAW 
device  on  -64°  again  showed  a  marked  difference 
from  that  of  SBAW  on  quartz,  as  shown  In  Figure  9. 
For  SBAW  on  -50.5°  rotated  Y-cut  quartz,  the 


A  device  with  Cr/Au  metallization  was  also 
tested.  The  turnover  temperature  is  lower  than  the 
other  two  devices.  It9  second  order  temperature 
coefficient  of  delay  also  appeared  larger. 

Coupling  Coefficient 

The  coupling  coefficients  of  the  berlinite 
substrate  were  evaluated,  and  the  results  summa¬ 
rized  in  Table  1.  The  measurements  were  not 
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Table  1.  Electromechanical  Coupling 
Coefficient  of  Berlinie 
Samples 


Crysta 1 
Angle 

Wave  Type 

Theory 

Experiment 

+40.5° 

SAW 

0.29% 

0.15% 

>40. 5° 

SBAW 

b.n* 

1.5%* 

-64° 

SBAW 

1.2% 

t.0%* 

*To  obtain  k  ,  divide  the  number  by  the  square 
root  of  N,  where  V  is  the  number  of  finger 
pairs  in  the  transducer. 


entirely  consistent.  The  numbers  reported  in 
Table  1  represented  the  best  experimental  values. 
The  SBAW  measurements  indicated  a  much  lower  than 
theoretically  predicted  coupling  for  the  40.5°  cut, 
while  the  coupling  is  close  to  theory  for  the  -64° 
cut . 

An  Independent  clieck  was  performed  by  fabri¬ 
cating  surface  wave  devices  on  a  40.5°  substrate 
and  measuring  its  impedance  and  static  capacitance. 
This  measurement  of  the  k  is  considered  to  be  more 
reliable  since  the  equivalent  circuit  theory  of 
surface  wave  devices  is  well  understood.  The 
coupling  strength  was  measured  to  be  half  of  that 
predicted  by  theory. 

Conclusion 


The  authors  would  like  to  thank  A.  M.  Kong 

and  S.  L.  Chen  for  fabricating  the  SBAW  devices. 
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The  investigation  confirms  the  prediction  of 
temperature  stable  SBAW  devices  on  berlinite.  It 
points  out  that  there  are  significant  third  order 
terms  in  the  temperature  coefficient  of  the 
material  constants.  Further  utilization  of  this 
material  will  depend  on  the  ability  to  improve  the 
crystal  quality.  The  result  of  this  study  indi¬ 
cates  that  by  adjusting  the  substrate  angle  and 
metal  thickness,  even  better  temperature  stability 
is  likely  to  be  achieved. 
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Abstract 

Direct  Digital  Frequency  Synthesis  uses  a 
phase  accumulator  which  is  supplied  by  a  frequency 
control  digital  word.  The  accumulator  addresses 
a  Read  Only  Memory  containing  amplitude  values  of 
the  desired  wave  shape.  The  ROM,  in  turn,  sup¬ 
plies  commands  to  a  Digital  to  Analog  Converter 
for  conversion  to  quantitized  analog  signals. 

This  technique  has  been  relegated  to  the  synthesis 
of  audio  and  low  frequency  RF  signals  by  limita¬ 
tions  in  device  technology,  specifically  in  ROMs 
and  0  to  A  converters.  Rapid  evolution  of  LSI 
device  technology  and  incorporation  of  the  direct 
digital  circuit  into  indirect  synthesizer  circuits 
will  result  in  hybrid  designs  capitalizing  on  the 
advantages  of  both  techniques. 

The  design  of  the  basic  direct  digital 
synthesizer  and  its  advantages  and  limitations 
in  comparison  to  the  indirect  phase  locked  loop 
is  presented.  Possible  ways  of  realizing  the 
advantages  of  both  techniques  by  combining  the 
two  are  also  presented. 


Indirect  Phase  Lock  Synthesis 

The  indirect  phase  locked  loop  synthesizer  is 
the  workhorse  of  the  synthesizer  field  and  has 
found  considerable  success  in  high  volume  com¬ 
mercial  products  as  well  as  military  communi¬ 
cations  equipment.  A  brief  review  of  a  simple 
phase  locked  loop  is  in  order  to  point  out  the 
advantages  and  limitations  of  this  technique. 
Figure  1  shows  a  basic  phase  controlled  synthe¬ 
sizer.  This  simple  loop  will  reach  equilibrium 
only  when  the  output  frequency  of  the  variable 
divider  and  ^Ref  are  equal.  At  this  point  a  phase 
error  between  the  two  phase  detector  inputs  will 
provide  a  stable  D.C.  output  which  tunes  the  YCO 
to  an  output  equal  to  N.’FRef.  Changing  N  will 
cause  the  output  of  the  variable  divider  to  differ 
from  ^Ref  and  the  phase  detector  output  will  con¬ 
tain  a  varying  correction  voltage  with  its  period 
a  function  of  the  frequency  difference.  The  loop 
filter  is  a  low  pass  filter  usually  designed  to 
have  a  cutoff  of  approximately  .1  fRef.  The 
filtered  correction  voltage  tunes  the  VCO  until 
equilibrium  is  again  reached  when  the  output  of 
the  variable  divider  is  equal  to  FRef.  The  mini¬ 
mum  output  frequency  Increment  is  equal  to  fRef 
and  is  produced  when  the  variable  divider  is 
changed  by  1.  Phase  noise  and  spurious  responses 


may  be  reduced  by  lowering  the  cutoff  frequency 
of  the  loop  filter  and  thereby  decreasing  the  loop 
bandwidth  (BW).  However,  this  increases  response 
time  resulting  in  switching  times  greater  than  the 
3/B.W.  time  obtainable  with  BW  =  .  1  fRef.  Present 
emphasis  in  military  communications  is  to  employ 
frequency  hopping  to  decrease  jaimving  vunerabil ity. 
At  the  same  time  restrictions  on  the  noise  floor 
and  spurious  output  of  these  systems  place  con¬ 
flicting  requirements  on  the  frequency  synthesizer 
used  in  conmuni cations  systems.  H.F.  SSB  trans¬ 
ceivers  require  frequency  increments  of  100  hz  and 
extremely  low  noise  floor  and  spurious  outputs. 
Adding  the  requirement  of  frequency  hopping  places 
conflicting  requirements  on  the  indirect  phase 
locked  synthesizer  that  can  require  considerable 
complexity,  expense,  and  volume  to  meet.  Narrow 
frequency  increments  dictate  a  low  reference 
frequency  which  dictates  low  frequency  cutoff  in 
the  loop  filter  which,  in  turn,  results  in  long 
switching  times  which  are  not  amenable  to  fast 
frequency  hopping.  Increasing  the  loop  bandwidth 
to  allow  faster  switching  raises  noise  floor  and 
phase  jitter.  Narrow  frequency  increments, 
especially  in  VHF  systems  also  place  critical 
stability  requirements  on  the  VCO  since  drift 
correction  occurs  at  relatively  wide  intervals 
(l/^Ref).  The  simple  loop  shown  requires  a  pro¬ 
grammable  divider  capable  of  operating  at  the  VCO 
frequency.  The  counter  must  be  capable  of  being 
reset  in  less  than  a  half  cycle  of  the  VCO  fre¬ 
quency  which  could  be  as  high  as  400  MHz  for  some 
military  systems.  The  constraints  for  the  single 
loop  synthesizer  are  shown  in  Figure  2.  Multiple 
loop  synthesizers  and  dual  modulus  prescaling  are 
two  techniques  presently  used  to  obtain  wide  band- 
widths,  narrow  Increments  as  well  as  low  noise  and 
spurious  outputs.  These  techniques  are  expensive 
in  design  time,  component  cost  and  size. 

Advantages  and  Disadvantages 

Figure  3  list  several  of  the  advantages  and 
limitations  of  the  phase  locked  synthesizer.  All 
of  the  advantages  listed  are  obtainable  but  only 
at  the  expense  of  other  operating  characteristics. 

A  single  loop  circuit  providing  low  frequency, 
widely  spaced  outputs  over  a  ’ imited  bandwidth 
with  moderate  restrictions  on  spurious  outputs 
will  be  relatively  simple.  All  components  with 
the  exception  of  the  loop  filter  could  be  realized 
in  LSI  form.  As  performance  increases  so  does 
complexity  and  Increased  use  of  conventional  com¬ 
ponents  to  realize  optimum  performance.  Fast 
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hopping,  low  spurious  output  and  narrow  output 
increments  are  characteristics  which  are  obtain¬ 
able  singly  but  with  great  difficulty  together. 
The  disadvantages  of  the  phase  locked  loop  are  as 
shown  in  Figure  3.  The  major  limitation  is 
relatively  slow  switching  speeds  and  widely 
spaced  output  frequency  increments. 

Direct  Digital  Synthesis 

The  direct  digital  frequency  synthesizer  is 
shown  in  simplified  form  in  Figure  4.  The 
multiple  inputs  shown  for  the  Phase  Accumulator, 
Read  Only  Memory  (ROM),  and  Digital  to  Analog 
Converter  (D/A),  indicate  parallel  logic  inputs. 
The  phase  accumulator  consists  of  an  N-bit  fre¬ 
quency  storage  register  which  stores  a  digital 
frequency  control  word  followed  by  an  N-bit  full 
adder  and  data  register.  The  digital  input 
frequency  control  number  is  entered  in  the  input 
storage  register.  At  each  clock  pulse  this  data 
is  sunned  with  data  previously  held  in  the  data 
register  and  the  new  data  is  stored  in  the  data 
register.  The  frequency  setting  input  represents 
a  phase  angle  step  that  is  added  to  the  value  of 
the  previous  step  each  1/F  seconds  to  produce  a 
linearly  increasing  digital  value.  Periodically 
the  accumulator  overflows  end  begins  a  second 
cycle  at  count  zero.  The  rate  of  overflow  is  the 
output  frequency  in  digital  code. 

if  K  =  frequency  control  word 

N  number  of  accumulator  bits 
Fc=  clock  frequency 
( 0~-  output  frequency 

then  k  F 


The  magnitude  of  the  frequency  control  word,  K  can 
occur  only  in  interger  values,  therefore  the 
minimum  frequency  increment  is  f L/ 2  N.  To  in¬ 
crease  the  resolution  without  increasing  the  out¬ 
put  frequency  the  number  of  accumulator  bits  N 
must  be  increased  The  resolution  may  be  doubled 
by  increasing  the  accumulator  adder  and  register 
by  one  bit. 

The  Read  Only  Memory  (ROM)  is  a  sine  function 
table  which  converts  the  phase  information,  in 
digital  form,  received  from  the  accumulator  into 
digital  phase  and  amplitude  values  of  a  sine  wave 
The  number  of  words  in  the  ROM  will  determine  the 
phase  quantization  error  and  the  number  of  bits 
in  each  word  will  determine  the  amplitude  quanti¬ 
zation  error.  The  digital  ROM  output  is  presented 
to  the  D/A  converter  which  develops  a  quantitized 
analog  sine  wave.  The  low  pass  filter  removes  the 
high  frequency  sampling  components  and  provides  a 
pure  sine  wave  output 

One  1  rnned  1  a  te  1  y  obvious  improvement  in  the 
basic  circuit  is  illustrated  in  Figure  S  Since  a 
sinusoid  is  a  symetrtcal  waveshape  it  is  not 
necessary  to  store  ampl 1 ture/phase  points  for  the 
full  3600.  the  size  of  the  ROM  may  be  decreased 


by  a  factor  of  four  by  storing  only  points  for  one 
quadrant  as  shown  in  Figure  6.  The  decrease  in  ROM 
capacity  is  slightly  offset  by  the  additional 
logic  necessary  to  generate  the  complement  of  the 
accumulator  output.  The  accumulator  is  shown  re¬ 
cycling  each  quadrant  Instead  of  once  each  cycle 
as  before.  The  accumulator  output  is  used  "as  is" 
for  the  first  and  third  quadrants.  The  bits  must 
be  complemented  so  that  the  slope  of  the  saw  tooth 
is  inverted  for  the  second  and  fourth  quadrant. 

The  digital  values  of  the  ROM  input  and  output  are 
represented  in  Figure  7.  The  most  significant 
accumulator  bit  is  the  Sign  bit  and  is  used  to 
control  the  polarity  of  the  D/A  output.  The  next 
significant  bit  is  the  Quadrant  bit  and  is  used  to 
control  the  complementer  logic. 

Practical  Aspects 

The  maximum  number  of  phase  samples  per  unit 
time  is  fixed  by  the  clock  frequency.  Therefore 
as  output  frequency  is  increased  there  are  fewer 
samples  per  cycle  available  to  accurately  define 
the  shape  of  the  output  sinusoid.  The  result  is 
increased  distortion  as  output  frequency  is  in¬ 
creased.  As  a  general  rule  the  maximum  output 
frequency  is  limited  to  Fc/fout  *  4, 

In  practical  applications  it  is  necessary  to 
include  a  storage  register  between  the  ROM  and  the 
Q/A  converter.  This  register  is  used  to  hold  the 
digital  data  for  the  D/A  during  accumulator  tran¬ 
sitions  and  to  allow  all  data  bits  to  be  presented 
to  the  D/A  simultaneously  to  reduce  output  glitches. 
This  additional  register  could  be  eliminated  with 
D/A's  that  have  internal  storage.  In  general, 
noise  generated  in  the  D/A  converter  increases 
with  frequency  while  amplitude  and  phase  quanti¬ 
zation  noise  generated  as  a  result  of  quantization 
error  in  the  ROM  is  constant  and  independent  of 
frequency . 

Advantages 

The  direct  digital  circuit  has  advantages  and 
limitations  different  from  those  of  the  indirect 
phase  locked  loop.  The  two  different  approaches 
complement  each  other  in  several  important  areas. 
Advantages  of  the  direct  digital  synthesizer  are 
suntnarized  in  Figure  8.  The  D/A  Converter  and  the 
output  low  pass  filter  are  the  only  two  components 
of  the  system  not  directly  amenable  to  LSI  con¬ 
struction.  Precision  D  to  A's  are  usually  imple¬ 
mented  in  film  hybrid  or  modular  type  construction. 
Hopping  speeds  of  the  direct  digital  approach  are 
limited  only  by  the  delays  inherent  in  the  digital 
circuitry  and  the  response  time  of  the  low  pass 
filter. 

Switching  speeds  in  the  order  of  1  usee  are 
possible.  Output  frequency  spacing  is  limited 
only  by  the  number  of  accumulator  bits.  Doubling 
the  resolution  only  requires  the  addition  of  one 
adder  and  register  bit. 

Di  sad  vantages 
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The  direct  digital  approach  is  primarily 
limited  in  output  frequency  range.  For  most 
applications  the  clock  frequency  should  be  a 
minimum  of  four  times  the  output  frequency.  ROM 
access  times  and  D/A  switching  speeds  place  a 
definite  limit  on  the  upper  frequency  range. 
Spurious  output  in  this  approach  appears  to  be 
limited  to  approximately  50  to  60  db  below  the 
carrier  -  far  above  the  low  levels  possible  with 
a  phase  locked  loop. 


Hybrid  Techniques 


The  indirect  phase  locked  loop  is  capable  of 
very  high  frequency,  wide  bandwidth  operation,  but 
at  the  expense  of  switching  speed  or  narrow  output 
frequency  increments.  The  direct  digital  approach 
has  the  capability  of  very  narrow  output  frequency 
increments  and  fast  switching  speeds  but  is 
severly  limited  to  low  frequency  operation.  Both 
circuit  techniques  may  be  implemented,  to  a  large 
extent,  by  digital  monolithic,  custom  LSI  devices. 
Let  us  now  explore  a  few  possible  hybrid  com¬ 
binations  of  the  two  techniques.  Figure  9  shows 
a  basic,  single,  indirect  phase  locked  loop  with 
the  fixed  reference  oscillator  replaced  by  a 
direct  digital  synthesizer.  The  output  frequency 
=  N.  Ref.  This  configuration  would  allow  FRef  to 
be  incremented  in  small  steps.  However,  since 
the  direct  digital  supplied  ^Ref  is  multiplied  by 
N  the  FRef  increments  would  have  to  be  very  small 
indeed,  especially  if  the  output  frequency  and  N 
were  large.  Also,  as  N  is  changed  the  effect  of 
fixed  increments  available  from  the  direct  digital 
synthesizer  would  also  change.  Hence,  a  logic 
control  circuit  would  be  necessary  to  program 
both  the  variable  loop  divider  and  the  direct 
digital  circuit  to  provide  the  desired  output 
frequency . 


The  circuit  shown  in  Figure  10  mixes  a  direct 
digital  low  frequency  output  with  a  higher  fre¬ 
quency  VCO  signal.  A  balanced  mixer  would  provide 
sum  and  difference  outputs.  A  tunable  low  pass 
filter  would  reject  the  sum  and  pass  FQut  -  F0. 

The  output  of  this  circuit  would  then  be: 


Fout=N  Ref+Fo 


This  configuration  simplifies  determination  of  the 
output  frequency  and  would  allow  smaller  output 
frequency  increments.  The  circuit  shown  would 
allow  use  of  a  high  loop  reference  frequency  which 
would  permit  a  correspondingly  wide  loop  bandwidth 
which  would  permit  fast  switching  for  rapid  fre¬ 
quency  hopping.  Small,  rapidly  switched,  frequency 
increments  are  supplied  by  the  direct  digital  syn¬ 
thesizer.  The  obvious  drawback  here  is  the  close 
spacing  of  the  mixer  sum  and  difference  outputs. 

A  sharp,  tunable  filter  would  be  required  to  track 
the  mixer  output.  The  frequency  control  logic 
used  to  provide  inputs  to  the  t  N  counter  and  the 
digital  synthesizer  would  also  have  to  supply  pre¬ 
determined  tuning  information  to  the  mixer  filter. 
Implementing  the  filter  to  cover  a  wide  frequency 
range  would  be  a  problem. 


A  further  improvement  is  shown  in  Figure  11. 
The  double  balanced  mixer  has  been  replaced  by  a 
single  sideband  modulator.  F,  is  the  low  fre¬ 
quency  input  from  a  direct  digital  synthesizer. 
Quadrature  outputs  from  the  VCO  and  direct  digital 
synthesizer  would  be  required  for  the  SSB  mod¬ 
ulator.  The  advantage  here  is  deletion  of  the 
tunable  filter  at  the  expense  of  added  analog 
circuit  complexity  for  the  SSB  modulator.  The 
major  difficulty  would  be  in  developing  a  wideband 
SSB  modulator  capable  of  sufficiently  surpressing 
the  carrier  and  unwanted  sideband. 

Conclusion 

The  basic  characteristics  of  the  direct 
digital  synthesizer  have  been  described  and  the 
circuit  compared  to  the  more  familiar  indirect 
phase  locked  loop  synthesizer.  The  two  approaches 
appear  to  be  complementary  and  could  provide  the 
basis  for  a  hybrid  synthesizer  capable  of  wide 
application  and  able  to  be  implemented  almost 
entirely  in  digital  LSI  form. 
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PHASE-CONTROLLED  INDIRECT  SYNTHESIZER 


REFERENCE 

OSCILLATOR 


LOOP  FILTER 
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OUTPUT  RESOLUTION  =  rRtr 
LOOP  BANDWIDTH  1/10  FREf 
SWITCHING  TIME  *»«  3/B.W. 
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BASIC  PHASE  LOCKED  LOOP 


-  MAX  RESOLUTION  =  REFERENCE  FREQUENCY  (Fref) 

-  LOOP  BANDWIDTH  (BW)  1/10  FR£F 

-  SWITCHING  TIME  (Ts)  ~  3/B.W, 

Ts  ?0/Fref 


FOR  HOPPING  SYSTEM,  T.  1/10  OF  FREQUENCY  DWELL  TIME  AT  ANY  SELECTED 
FREQUENCY. 

-  FH  5  1/10  Ts 

-  FH  5  1/300  Fd„ 


INDIRECT  SYNTHESIS 
DIGITAL  PHASE  LOCKED  LOOP 


ADVANTAGES 

-  RELATIVELY  SIMPLE,  LOW  PARTS  COUNT, 

-  WIDE  BANDWIDTHS  POSSIBLE  (OCTAVE  OR  HIGHER), 

-  HIGH  HOPPING  RATES  POSSIBLE. 

-  RELATIVELY  CLEAN  OUTPUT  SIGNAL. 


-  SOME  CIRCUIT  COMPONENTS  NOT  ABLE  TO  BE  IMPLEMENTED  IN  MONOLITHIC  FORM. 

-  COMPLEX  MULTIPLE  LOOPS  REQUIRED  FOR  FAST  HOPPING. 

-  CLOSE  FREQUENCY  SPACING  NOT  COMPATABLE  WITH  PAST  FREQUENCY  HOPPING, 
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A  LOW  NOISK  500  MHZ  FREQUENCY  SOURCE 
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A bstrac t  System  Design 


This  paper  describes  the  design  of  a 
frequency  source  t  c»  r  a  high  reliability,  long 
life  application.  The  unit  is  totally  redundant 
for  reliable  failsafe  operation  and  utilizes  bulk 
and  surface  acoustic  wave  resonators  to  insure 
extremely  low  phase  noise  and  spurious  outputs. 
Multiple  Si  jo  mHz  and  4u0  MHz  outputs  are 
none  rated  by  direct  synthesis  from  a  25  MHz 
reference  input  or  an  internal  1 0U  MHz  Tt'XO. 
When  using  the  external  reference  a  2 5  MHz  input 
filter  and  2  additional  crystal  filters  at  50  MHz 
and  Ion  MHz  insure  that  t  he  phase*  noise  floor  is 
reduced  to  the  theoretical  minimum  before  final 
multiplication.  The  multiplied  output  signals  at 
5'«  MHz  are  filtered  wi  t  h  two- port  SAW 
resonators.  These  resonators  are  designed  to 
operate  at  input  power  levels  ot  +15  dBm  in  a 
'> 1  •  ohm  matched  svstem.  'Hie  filtering  scheme  also 
ensures  that  internally  and  externally  generated 
modulation  sidebands  are  reduced  to  negligible 
levels.  Single  sideband  phase  noise  is  less  than 
-174  dBc  Hz  .it  frequencies  spaced  greater  than 
2  MHz  from  the  carrier.  Likewise,  spurious 
'signals  are  he  1  >w  -llo  dBc  at  all  frequencies. 

The  tre  pien.  •  sour-e  operates  in  an 
*■  le.  tricallv  ri«»Mv  environment  and  a  high  degree 
f  at  five  and  passive  filtering  and  package 
Mi.-Kiing  ensure-,  minimum  i  omhn  t  ed  and  radiated 
s ns.  e pt  i b  i  1  i  t  v . 

•  ritiial  svstem  requ  i  reimuit  s  dictate  the  use 
. !  staudhv  redo-  ■•!  e\ .  v  with  on  single  point 
failures.  The  pa<  kagiuv.  v  ou«  * -pt  was  developed  to 
-  i  n  { m  i  ze  suh.issetnM  .  i  - t  *  rconiu ■<.  t  i on*  and  provide 
h-fh  pfivsii  ii  nd  ele.  f  ri.ril  i  ndeperutecu  e  ot  tin* 

r  w<.  redundant,  general  rs. 

i  nt rod act  ion 

\i  hi>  vi-‘g  a  thermal  noise  floor  of 

-17*  db  .fieri/  if  a  spacing  of  2  MHz  from  the 

1  arrief  requires  tin  util  i/at  ion  «>t  bulk  and 

surf, lie  wave  resori.if a-rs  and  a  p.okagiug  technique 
that  insure-.  internal  leakage  paths  are 
m  i  s  j  m  i /e(| .  It*  f  reipuuii  y  sour*  e  fias  outputs, 

i  ■.*  ,•*  o  a*  ' * j  MHz  and  tour  at  ■♦1"*  MH/  .  The 
* -o  ‘-’ii/  -igaals  do  not  require  the  utilization  of 
SAWS  t“  meet  specified  noise  floor,  and  hence, 
that  jiort  i-,n  ot  the  svstem  is  not  discussed  in 
detail.  Hie  foil  twing  paragraph,  desiribes  the 

de^igr,  the  trequeUiV  S'Uir'e, 


A  functional  block  diagram  ot  the  low  noise 
frequency  source  is  shown  in  Figure  1.  The  unit 
is  completely  redundant  with  internal  cross 
strapping  occurring  at  two  specific  subsystem 
points.  These  points  were  chosen  to  maximize  Un¬ 
reliability  of  the  system  and  provide  an 
availability  factor  of  0.9992  7.  The  basic- 
frequency  reference  is  an  external  25  MHz  source 
or  an  internal  TCX0  operating  at  100  MHz.  The 
TCX0  provides  a  redundant  backup  in  the  event  of 
failure  of  the  external  source.  The  25  MHz 
reference  frequency  is  crystal  filtered  and 
multiplied  to  100  MHz  using  high  efficiency 

transistor  multipliers.  A  high  isolation  Input 

cascode  amplifier  establishes  a  low  system  noise 
figure  and  reduces  internal  signal  leakage  to  the 
input  port  to  a  level  of  -105  dBm.  The  25  MHz 
signal  multiplied  to  100  MHz,  feeds  a  diode 
switch  along  with  the  TCXO.  External  power 

gating  selects  either  the  internal  or  external 
mode  of  operation  and  hence,  only  one  signaL  is 
present  at  the  switch  output  at  a  given  time.  A 
crystal  filter  using  a  dual  resonator  half- 
lattice  design  reduces  the  lUU  MHz.  phase  noise  at 
frequencies  greater  than  4  in  kilz  from  the  carrier 
to  an  extremely  low  level.  Additionally, 

spurious  signals  generated  from  the 

multiplication  process  in  the  external  mode  of 
operation  are  attenuated  by  60  dB.  This  is 
important  since  the  output  spurious  requirements 
at  500  MHz  are  stringent.  (See  Table  l.) 

Each  crystal  filter  feeds  a  low  noise 
amplilier  stage  providing  +17  dBm  at  its  output. 
The  amplifier  output  feeds  cross  strap  circuitry 
surli  that  any  input  simultaneously  feeds  both 
<.nt  put  multiplier  and  amplifier  chains.  Hence, 
all  modes  of  operation  are  available  at  this 
point.  Internal  A,  External  A,  Infernal  B  and 
External  B.  Tin-  cross  strapping,  as  we  M  as  the 
entire  system,  is  designed  so  that  any  single 
point  failure  will  not  compromise  output  signal 
integrity.  If  a  failure  occurs,  switchover  is 
accomplished  by  the  power  gating  circuitry.  The 
cross  straps  at  1 00  MHz  feed  X*  and  X5 
multipliers  yielding  a  4(>U  MHz  and  5t)U  MHz  signal 
respectively.  lie  multipliers  use  microwave 
stripline  transistors  in  a  common  emitter 
i  onf Igural ion  to  provide  stable,  low  noise 
multiplication.  The  500  MHz  multiplier  output 
feeds  a  SAW  resonator  assembly  consisting  ot  four 
df'iccs  mounted  on  a  single  I’C  hoard.  A  1  \  » 
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p-.vit  ♦  i  .s- *ti  .*  t  hi wlmsi- 

■  ’  i  * :  j'ui  .  t  .-.**!•-  i  *!'•  wlii-  I  *  u«  .  i r.ippfil 

wi!"  t 'it-  : ui i  |'m ;  |  r « »*ti  t  hr  n-«tip.i.l  m!  ^  i  *1  *  .  A 
->»  MHz  .  ur  |i  1  i  I  i  •  ■  I  hursts  tin  s  i  ,mi.i  1  lrvi-1  .it  t  he 
input  to  tb»-  SAW  n-son.itor  isM-mhl  v  in  *  2‘  ■  « 1  Hiu  to 
>vr.  onit-  the  SAW  .isscmblv  insi-rt  inn  loss.  I  he 
svsjrTii  output  lev*  i  .it  Sun  MHz  is  +-•  dBm.  Ihe 
:-.ois,  .md  spur  in. s  ruipi  i  n-m.  ut  s  on  t  !»»•  MHz 

.•ufput'  .ir«i  loss  stringent  and  i  single 
trinsi<t..r  st  age  is  used  tor  inu  1 1  i  p  1  i  i  u  t  i  on  with 
i  t  h  »'••••  pol.*  l.f  t  i  1 1  e  r  pm v  i  d  i  ng  su  I  t  i  <  i  en t 
r<'  v.  t  l'.in  ot  spurious  signals.  A  3iM>  MHz  tour 
polo  hnl  ic.ll  r«*so!i.i  r  or  t  i  1 1 » *  *  is  usod  to  suppress 
tin-  l"1  MHz  sidebands  ot  the  X'>  multiplier  and 
p i  nv  ides  re  >n  t  i « >ii  ot  Si)  dB  at  +  Si)  MHz  around  the 
•  art  i  1  r  . 


Input  power  to  the  frequency  source  is  it, 
the  t  »rm  ot  redundant  +  18  Vdc  busses  tor  source 
i  :ul  side  selection.  Selection  of  internal  or 
external  treijuency  source  is  accomplished  by  an 

rnal  command  pulse  which  sets  a  latching 
relay  to  the  appropriate  position,  directing  the 
in  voltage  to  the  TCXo  or  23  to  100  multiplier 
stage.  how  noise  linear  regulators  provide  an 
■■utput  voltage  of  +  13.5  Vdc  to  the  various 

circuits  and  present  Hi)  dB  of  rejection  to  low 
treijuency  conducted  interference  on  the  power 
lines.  The  how  Noise  Frequency  Source  must 

provide  spurious  free  output  signals  when 

driven  from  a  DC  voltage  containing  large 
amounts  of  corrupting  sine  waves  and  transients. 
The  frequency  range  of  the  Interfering  signals 
are  trom  3‘>  Hz  to  40U  MHz.  Hence,  the 

judicious  use  of  decoupling  and  filtering 

networks  is  necessary  to  achieve  the  desired 

per t  ormance . 


Tables  1,  2  and  3  itemize  the  performance 

character i st i cs  of  the  how  Noise  Frequency 
Source.  The  specified  limits  are  compared  with 
the  actual  performance  data  taken  from  a  working 
engineering  model.  The  specified  electrical 
characteristics  are  worst  case  values  taking 
into  account  a  seven  year  life  and  the  effects  of 
environmental  conditions.  The  spurious  output 
requirements  of  Table  2  from  3  kHz  to  499  MHz 
from  the  carrier  are  met  with  spurious  signals 
present  on  the  23  MHz  reference  Input  at  a  level 
of  -111  dBc  from  3  kHz  to  2  MHz  and  -68  dBc  from 
2  MHz  to  24  MHz.  Additionally,  the  input  phase 
noise  floor  at  frequencies  100  kHz  and  up  from 
the  carrier  is  -140  dBc/Hz.  A  comparison  of  the 
phase  noise  of  the  400  MHz  and  300  MHz  outputs 
clearly  shows  the  effect  of  the  SAW  resonators  at 
frequencies  greater  than  1  MHz  from  the  carrier. 
THe  3  dB  bandwidth  ot  the  SAW’s  is  aproximately 
23o  kHz  and  the  skirt  selectivity  provides 
sufficient  noise  rejection  to  permit  a  level 
of  -174  dBc /Hz  to  be  obtained  b.23  MHz  from  the 
carrier.  The  output  to  output  Isolation  and 
output  VSWK  are  a  function  of  the  output 
hybrid  design  and  the  integrity  of  the  hybrid 
source  imped  a  net?.  The  SAW  resonators  are 
tuned  to  insure  that  these  requirements  are 
met  . 


Circuit  Design 


TCXO 


The  10(i  MHz  TOXO  i a 
using  a  3th  Overtone  To-3 
resonator.  Table  4  shows  th* 
tills  internal  frequency  smirn 
drift  error  of  +2.3  X  lu~6 
operational  experience  of 


But  1  er  os<  i  1  1 .1 1  <*r 
crystal  as  t  he 
error  budget  tor 
.  I  he  long  term 
~h  Is  b.iscd  H|,'.n 
hundreds  ot  similar 
oscillators  used  in  identical  environmental 
conditions.  The  buss  voltage  variation,  which  is 
based  upon  end-of-life  parameter  variations  tor 
tile  analog  regulators  and  the  etteit  ot  bus 
voltage  on  TCXU  frequency, 


runt  r  i  hut. e s 
to  the  — »ver 


1  1 
upon 


negligibly  small  drift  parameter  to  the* 
budget.  The  setting  tolerance  is  has 
initial  factory  trimming  and  likewise  represents 
<i  small  offset.  The  temperature  effect  ot 
+4  X  10”6  over  a  range  of  U  to  140  °F 
represents  the  compensated  crystal  frequency 
variations.  It  can  be  seen  that  the  overall 
deviation  for  the  life  of  the  unit  does  not 
exceed  +6.7  X  10“^.  This  corresponds  to 
+3330  Hz,  well  within  the  specified  range  of 
+300U  Hz. 


23  to  100  MHz  Multiplier 


This  subassembly  consists  of  a  cascode  Input 
stage  using  low  noise  transistors  and  emitter 
degeneration,  •  full  wave  diode  doubler  circuit 
which  rejects  the  carrier  input  and  unwanted 
harmonics  by  40  dB,  a  single  resonator  50  MHz 
crystal  filter,  a  common  emitter  50  MHz  amplifier 
stage,  and  a  X2  transistor  multiplier.  The 
circuits  are  designed  so  that  the  power  level  at 
any  point  does  not  drop  below  +3  dBm.  This 
insures  that  the  signal  to  noise  ratio  will 
remain  at  a  reasonable  level  and  succeeding  noise 
figure  contributions  will  have  small  effect  on 
overall  noise  performance . 

SAW  Resonators 


Figure  2  is  a  schematic  diagram  showing  the 
two  quadruple  SAW  resonator  assemblies  and  their 
cross-strapping.  The  500  MHz  Input  signals  at  a 
level  of  +20  dBm  feed  1  X  4  passive  power 
splitters  configured  as  three  lumped  element 
1  X  2  Wilkinson  dividers.  These  splitters  have 
an  operational  bandwidth  in  excess  of  30%.  The 
tour  power  splitter  outputs  at  a  level  of  +13  dBm 
feed  the  SAW  resonators  via  a  matching  network 
consisting  of  a  series  capacitor  and  inductance. 
The  unmatened  SAW  resonators  have  a  natural 
impedance  of  approximately  250  ohms  and  this 
impedance  in  conjunction  with  stray  header 
capacitance  in  the  TO-8  holder  is  matched  to 
50  ohi.s  with  the  series  elements.  Although  a 
single  series  inductor  would  accomplish  this 
function,  the  capacitor  provides  variability  and 
permits  ease  of  alignment.  The  SAW  outputs  are 
matched  with  an  identical  circuit  and  feed  1  X  2 
power  splitters.  The  eight  power  splitter 
outputs  from  the  SAW  subassembly  feed  4  hybrid 
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circuits  on  each  board.  Figure  2  shows  that  a 
failure  on  either  subassembly  will  not  prevent 
outputting  of  all  16  300  MHz  signals.  For 
example,  if  resonator  FL  1  on  subassembly  A1 
fails,  gated  power  is  applied  to  side  B  and 
+20  dBm  at  500  MHz  appears  at  the  input  to  the 
All  board.  This  assembly  will  then  feed  all  8 
hybrids  yielding  the  16  outputs*  Cross-strapping 
is  accomplished  via  coaxial  cables  to  maintain  a 
50  ohm  impedance  throughout  the  system.  The 
output  hybrids  are  quarter/wave  coupled  devices 
which  have  an  operating  bandwidth  of 
approximately  20%.  Isolation  over  this  bandwidth 
exceeds  20  dB  and  the  output  VSWR  is  1.2:1.  Each 
SAW  filter  assembly  consisting  of  seven  1X2 
power  splitters,  four  hybrids,  and  four  SAW 
resonators  with  their  associated  matching 
networks,  occupies  an  area  of  3.5  X  3.5  inches. 

The  SAW  resonators  were  designed  by  the 
Sperry  Research  Center  and  are  described  in 
Reference  1.  A  sample  lot  of  these  devices  are 
undergoing  an  aging  study  to  ascertain  the  long 
term  effects  of  temperature  and  RF  power  level  on 
performance  characteristics.  This  study,  which 
is  performed  on  20  typical  resonators  will 
evaluate  the  effect  of  stepped  stresses  on  the 
insertion  loss  and  frequency  of  the  devices.  A 
two  year  program  is  projected  for  the  resonators 
but  useful  data  has  already  been  obtained 
regarding  the  safe  maximum  power  levels  at  which 
the  devices  can  be  used.  Based  on  this  data,  it 
is  evident  that  at  the  +13  dBm  levels  encountered 
in  the  systems,  immeasurable  insertion  loss  and 
resonant  frequency  changes  occur.  The 
accelerated  life  testing  program  will  yield 
additional  data  and  the  results  will  be  presented 
i  a  future  paper. 

The  frequency  response  of  a  typical  SAW 
resonator  is  shown  in  Figures  3  and  A.  Data  is 
plotted  from  2  MHz  to  1000  MHz  in  Figure  3  where 
it  is  seen  that  the  out-of-band  rejection  at 
frequencies  below  400  MHz  exceeds  60  dB.  This 
high  rejection  is  a  function  of  circuit  layout 
since  any  parasitic  reactances  degrade  the 
rejection.  Figure  4  shows  the  SAW  resonator 
frequency  characteristics  over  a  band  of  +20  MHz 
around  500  MHz.  It  is  seen  that  the  rejection 
exceeds  20  dB  at  spacings  greater  than  1  MHz  from 
the  carrier.  This  is  significant  in  the  present 
application  since  the  output  phase  noise 
approaches  the  thermal  noise  floor  at  +6.25  MHz 
from  the  carrier.  The  SAW  resonators  have  a 
matched  bandwidth  of  250  kHz  and  an  Insertion 
loss  of  approximately  2.1  dB.  Of  the  60  devices 
tested  to  date,  the  insertion  loss  lies  between 
2.4  and  1.8  dB  and  the  bandwldths  b»*fw«  en  140  KHz 
to  300  kHz. 

500  MHz  Helical  Resonator 

As  shown  in  Figure  1,  a  500  MHz  4-pole 
ht  .'cal  resonator  is  placed  at  the  output  of  the 
X }  multiplier  to  provide  rejection  of  unwanted 
harmonics.  The  frequency  response  of  this  filter 


is  shown  in  Figure  5.  It  can  be  seen  that  the 
400  and  600  MHz  multiplier  outputs  are  attenuated 
by  greater  than  60  dB.  The  helical  resonator 
filters  have  an  insertion  loss  of  1.5  dB  and 
occupy  a  volume  of  3X2X1  inch.  Since  the 
frequency  source  must  operate  over  stringent 
shock  and  vibration  conditions,  the  helical 
resonators  are  foamed  to  reduce  the  effect  of 
vibration  on  performance  characteristics. 

Power  Conditioning 

The  prime  input  power  to  the  Low  Noise 
Frequency  Source  is  +18  Vdc .  This  voltage  has 
sine  and  transient  conducted  interference  which 
could  degrade  the  overall  operating  performance 
of  the  unit.  For  this  reason  RFI  filters  are 
used  between  the  various  subassemblies  and  the 
input  voltage  is  lowpass  filtered  with  a  network 
whose  cutoff  frequency  is  2  kHz.  The  18  volt 
input  Is  regulated  to  13.5  volts  with  linear 
regulators  using  specially  selected  low  noise 
reference  Zener  diodes.  The  regulators  are  short 
circuit  protected  and  adequately  decoupled  to 
insure  that  input  rejection  is  greater  than  80  dB 
from  DC  to  30  kHz  and  50  dB  minimum  at  300  kHz. 
The  power  conditioning  circuits  are  packaged  in 
separate  enclosed  compartments  which  are  part  of 
the  overall  frequency  source  assembly. 

Noise  and  Spurious  Signal  Performance 

The  Low  Noise  Frequency  Source  is  designed 
to  have  low  phase  noise  when  used  with  a  25  MHz 
external  reference  having  a  noise  floor  of 
-140  dBc  per  hertz.  Additionally,  the  spurious 
requirements  which  are  Itemized  in  Table  2 
require  that  the  internally  generated  sidebands 
due  to  the  multiplication  process  are  effectively 
filtered  prior  to  multiplier  enhancement.  Figure 
6  illustrates  the  spurious  rejection  and 
enhancement  characteristics  of  the  Low  Noise 
Frequency  Source.  These  spurious  requirements 
are  specified  over  a  band  of  5  kHz  to  499  MHz 
from  the  carrier.  By  following  the  illustration 
from  left  to  right,  It  is  seen  how  spurious 
signals  introduced  at  the  input  as  well  as 
internally  generated  spurious  signals  are 
rejected  by  the  crystal  filters  and  SAW 
resonators.  It  can  be  seen  that  the  spurious 
signal  level  at  the  input  to  the  A5  amplifier 
meets  the  requirements  without  the  use  of  the  SAW 
filters,  the  SAW  filters  being  necessary  only  to 
meet  the  noise  requirements  at  spacings  greater 
than  1  MHz  from  the  carrier. 

The  phase  noise  performance  at  various 
points  in  the  system  is  graphed  in  Figure  7.  It 
is  seen  from  the  curve  that  the  Internal  100  MHz 
TCX0  has  better  noise  than  the  external  reference 
translated  to  100  MHz  at  frequencies  greater  than 
300  kHz  from  the  carrier.  The  100  MHz  noise  is 
shaped  by  the  100  MHz  crystal  filter  to  yield 
Curve  II.  This  noise  is  essentially  at  the 
thermal  level  due  to  the  selectivity  of  the 
filter.  The  100  MHz  filter  output  noise  is 
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translated  to  501)  MHz  and  degraded  14  d B  in  the 
process.  The  noise  at  500  MHz  Is  shaped  by  the 
SAW  resonators  yielding  Curve  III,  the  500  MHz 
output  phase  noise.  Additional  filtering  of  the 
2 5  MHz  reference  Input  signals  is  obtained  from 
the  25  MHz  input  filter  and  50  MHz  It  Iter, 
although  the  effect  of  these  devices  is  not  shown 
in  Figures  b  or  7. 

In  order  to  actually  meet  the  phase  noise 
and  spurious  requirements  as  calculated,  the 
circuit  design  employed  must  feature  techniques 
which  insure  that  the  requirements  are  met.  This 
includes  the  use  of  low  noise  transistors, 
emitter  degeneration,  transistor  biasing  for 
optimum  noise  figure,  the  use  of  optimum  source 
impedance  at  interstage  points  for  best  noise 
performance,  and  the  use  of  on  board  filtering 
and  decoupling  networks  to  minimize  interaction 
between  subassemblies. 


Mechanical  Design 


Since  the  frequency  source  is  a  redundant 
unit,  a  chassis  design  is  utilized  which  permits 
a  dual  physical  configuration  with  a  mirror  image 
on  one  side  of  the  chassis  and  a  center  isolating 
partition.  The  overall  assembly,  which  measures 
I  i  X  7X2  inches,  is  shown  in  Figure  8.  The  20 
output  connectors,  lb  at  500  MHz  and  4  at  400  MHz 
■in-  SMA  types  .is  are  the  25  MHz  input  connectors. 
Redundant,  power  connectors  are  used  which  also 
interface  fault  outputs  from  the  unit  to  external 
equipment.  figure  9  is  a  top  view  of  the  Low 
V>ist*  frequency  Source  showing  how  the  various 
functions  are  compartmentalized  to  enhance 
electrical  per t ormance .  The  KF I  filters  between 
t  lie  various  subassemblies  .ire  clearly  seen  as 
well  .is  the  "dirty  box"  used  tor  HF  filtering  the 
p.wer,  •  ommund  and  fault  input  and  output 
signals.  Two  parti* ular  areas  which  use  low 
loss  dielectric  foam  to  minimize  vibration 
induced  noise  sidebands  are  the  lot)  MHz  crystal 
filter  and  helical  resonators.  All  other 
components  are  staked  in  place  using  a  structural 
adhesive  with  good  electrical  characteristics, 
figure  In  shows  the  bottom  view  of  the  frequency 
source  whieh  is  essentially  a  duplicate  of  the 
top.  (,'ross-st  rapping  between  the  two  independent 
sources  is  accomplished  via  coaxial  cables 
passing  through  the  center  plate. 
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The  Low  Noise  Frequency  Source 
to  meet  all  specifications  over 
operating  lifetime  with  an  ambient  teraperatur 
range  of  n  to  14U°F.  Normally  encountere 
vibration  levels  are  0.4  g-^/Hz  from  50  t 
2nnu  Hz.  The  major  effect  of  temperature  on  th 
unit  is  to  move*  the  bulk  and  surface  wav 
resonators  In  frequency  resulting  in  a  reductlo 
of  output  power  and  change  in  output  frequenc 


when  operating  in  the  internal  mode.  The  overall 
change  in  output  amplitude  is  less  than  2  dB  over 
the  full  temperature  range.  Semiconductor 
elements  which  dissipate  power  in  excess  of  0.2 
watts  are  heat  sunk  directly  to  the  main  chassis 
to  minimize  Junction  temperature.  Junction 
temperatures  are  limited  to  90°C  at  the  worst 
case  point.  Typical  junction  temperatures  are 
75°C,  with  an  ambient  of  59°C. 

Measurement  Techniques 


Figure  11  shows  the  test  setup  used  for 
measuring  phase  noise  and  spurious  signals.  The 
setup  requires  the  use  of  two  frequency  sources 
whose  outputs  are  mixed  to  give  a  L>C  carrier. 
The  carrier  is  amplified  by  20  or  40  dB  and  fed 
to  a  spectrum  analyzer.  An  elliptic  function 
100  MHz  filter  at  the  output  of  the  mixer 
attenuates  mixer  output  signals  at  400  MHz, 
500  MHz,  and  their  liarmonics  which  would  overload 
the  amplifier  feeding  the  spectrum  analyzer. 
This  filter  has  100  dB  of  attenuation  at 
frequencies  above  400  MHz.  Low  noise  amplifiers 
with  10  dB  of  gain  are  used  at  the  output  of  the 
frequency  sources  to  override  the  mixer  noise 
figure  which  is  typically  10  dB  (7  dB  due  to 
mixer  loss  and  3  dB  amplifier  noise  figure). 
These  amplifiers  must  provide  linear  operation 
with  +14  dBm  output  power  and  still  have  a  noise 
figure  below  3.0  dB.  The  system  is  set  up  as 
shown  in  the  Figure  and  the  phase  shifter 
adjusted  to  give  zero  voltage  at  the  mixer 
output.  This  insures  that  the  mixer  inputs  are 
in  quadrature  and  proper  mixing  action  occurs. 
The  system  is  calibrated  by  slightly  offsetting 
the  two  input  frequencies  to  the  preamplifiers 
and  measuring  the  overall  transfer  function  from 
input  to  output.  The  relative  noise  and/or 
spurious  level  can  then  be  directly  converted  to 
dBc.  Spurious  signals  are  deliberately  injected 
into  one  of  the  frequency  sources  with  a 
synthesizer  to  measure  the  rejection. 

Conclusion 


This  paper  describes  a  Low  Noise  Signal 
Source  providing  VHF  outputs  whose  noise 
characteristics  approach  the  thermal  limit  at 
frequencies  spaced  greater  than  1  MHz  from  the 
carrier.  The  unit  is  designed  for  high 
reliability  operation  and  is  redundant. 
Packaging  techniques,  electrical  design  and 
manufacturing  processes  are  employed  which  insure 
that  the  overall  design  objective  is  met. 
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Figure  8.  Overall  Assembly 
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Figure  9.  Low  Noise  Frequency  Source,  Top  View 


Figure  10.  Low  Noise  Frequency  Source,  Bottom  View 
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TABLk  , 

PERFORMANCE  CHARACTERISTICS 


TABLE  2 


PARAMETER 

SPEC. LIMIT 

PERFORMANCE 

TCXO  LEAKAGE 

INPUT 

TO 

-IOO  dbm 

-  1 30  dbm 

TCXO  LEAKAGE 

OUTPUTS 

T  0 

-  85  dbc 

NO  LEAKAGE 

EXT,  REF.  LEAKAGE 

-  BSdbc 

—  I20dbc 

TO  OUTPUT 

OUTPUT  POWER 

+  4  t 2 dbm 
(500MHZ ) 

+  4  t  2  dbm 

-  8  1  2  d  bm 
(400MHZ ) 

-el  2  d  bm 

FREOUENCT 

i5KHz,  INT. 

1  3KHZ 

STABILITY,  ALL 

(500  MH  z  ) 

CONDITIONS 

t4KHz,  INT, 
(400MHZ  ) 

t  2.4KHZ 

i0,5KHz  ,  EXT, 
(500M Hz  ) 

tO,5KHz 

10,4KHZ,  EXT. 
(400MHZ) 

tO.  4KHZ 
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SPURIOUS  SUPPRESSION  IN  DIRECT  DIGITAL  SYNTHESIZERS 
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Rockwell  International 
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Summary 

This  paper  describes  a  unique  method  for  the 
removal  of  discrete  line  spurs  normally  present 
in  the  output  of  direct  digital  synthesizers 
(DDS).  The  tvpu  of  DDS  considered  consists 
primarily  of  an  N-hit  accumulator,  whose  contents 
are  incremented  by  a  value,  k,  at  a  clocking  rate, 
Kc.  Although  manv  variations  exist  on  the  use 
of  this  technique  to  synthesize  a  periodic  wave¬ 
form,  the  simplest  possible  version  uses  only 
the  time  of  occurrence  of  accumulator  overflow  to 
define  the  edges  of  a  ’’square"  wave.  For  input 
numbers,  k,  that  are  powers  of  2,  the  output 
frequency  is  a  direct  submultiple  of  the  clock 
frequency.  However,  for  all  other  numbers,  the 
circuit  behaves  like  a  fractional  divider  with  a 
sequence  of  non-uniform  output  periods,  which 
repeat  with  a  definable  pattern  to  give  an  average 
period  equal  to  the  desired  signal’s  period. 
Unfortunately,  line  spurs  or  sidebands  are 
created  by  this  periodic  phase  modulation  of  the 
output.  Historically,  these  lines  have  been 
reduced  bv  using  the  numerical  contents  of  the 
accumulator  to  synthesize  an  output  waveform  which 
has  more  than  two  levels  --  e.g.,  a  sinusoidal 
shape.  This  requires  the  use  of  digital-to- 
analog  (D/A)  converters  and  read-only  memories 
(ROM)  to  obtain  the  desired  wave  shape,  and  the 
results  are  well  described  in  the  literature. 

The  technique  described  here  provides  for 
complete  elimination  of  these  discrete  spurs 
(while  retaining  a  binary  output)  by  randomly 
varying  or  dithering  the  periods  of  the  alternat¬ 
ing  output,  while  keeping  the  average  of  these 
periods  unchanged.  The  method  consists  of  adding 
a  sequence  of  pseudo-random  numbers  to  the  con¬ 
tent  of  the  accumulator  In  a  prescribed  manner, 
and  this  process  is  shown  to  convert  the  discrete 
line  spurs  into  a  continuous  noise  floor,  which  is 
white  out  to  frequencies  approaching  the  clock 
f  requency . 

As  the  speed  of  digital  accumulators  continue 
to  increase  with  new  devices  and  new  techniques, 
the  noise  floor  realizable  by  this  mechanization 
will  continue  to  decrease  at  a  rate  of  6  dB  for 
every  doubling  of  the  clock  frequency. 


Details  involved  in  the  dither  process  and 
expressions  for  deriving  the  expected  value  of 
carrier  power  to  noise  density  of  this  synthesis 
technique  are  described.  Also,  expressions  use¬ 
ful  in  determining  the  noise  density  associated 
with  square  waves  that  exhibit  edge  time  jitters 
are  provided.  This  information  should  prove  use¬ 
ful  to  designers  of  logic  systems  where  the 
effects  of  edge  jitter  are  often  not  well 
accounted  for.  An  important  example  is  the  gen¬ 
eration  of  noise  in  an  indirect  digital  synthe¬ 
sizer  by  edge  instabilities  of  the  phase 
detectors . 

Two  versions  of  this  synthesizer  using  the 
dither  technique  have  been  breadboarded ,  and 
results  confirm  the  predictions  of  the  analysis. 
Data  obtained  from  the  breadboarded  synthesizers 
is  provided  to  show  some  of  the  more  interesting 
results  of  this  technique,  as  well  as  to  define 
its  limitations. 

The  Bas ic  Concep t_  of  a  Di t hered  Accumulator 

The  technique  of  using  a  digital  accumulator 
to  synthesize  a  selected  frequency  is  quite  well 
known*,  and  Figure  1  shows  this  process  in  simple 
block  diagram  form.  The  basic  idea  is  to  incre¬ 
ment  the  content  (phase)  of  the  digital  accumula¬ 
tor  at  a  regular  clock  rate,  generating  a  freq¬ 
uency  equal  to  the  rate  of  the  phase  change  with 
time.  It  is  also  well  known  that  the  resultant 
fundamental  frequency  output  suffers  from  the 
presence  of  nonharmonic  spurious  spectral  lines. 
These  lines  can  be  reduced  by  using  D/A  con¬ 
verters  on  the  output  of  the  accumulator  (Fig¬ 
ure  1)  to  generate  sine  waves.  However,  the 
spurious  level  will  increase  as  the  number  of  bits 
in  the  D/A  converters  decreases,  reaching  a  maxi¬ 
mum  when  only  one  bit  is  retained  and  the  output 
waveform  is  simply  a  square  wave. 

An  explanation  for  the  spurious  signals  that 
result  from  the  use  of  only  one  bit  can  be 
visualized  by  referring  to  Figure  2,  the  time  pro¬ 
cess  of  the  accumulator  for  a  very  simple 
example  (i.e.,  with  N  ■  4  and  k  -  3) .  For  this 
example,  the  "ideal"  output  square  wave  would  have 
three  edges  every  16  input  clocks. 
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me  pel  iod  is  n.a  exact  introdti'  cs  phase  noise. 


More  import  ant  1  v ,  however,  the  expected  oyer 
I  low  time  is  not  dependent  upon  the  original  phase 
err,r,  ..  This  means  that,  even  it  adjaiont 
errors  are  originally  iorre!ate<l,  adding  the 
random  value  X  muses  adjacent  accumul.it  -r  reset-, 
to  he  independent,  and  all  coherent  spurious  lines 
originally  generated  bv  this  n-rrohu  imi  are 
eliminated.  The  penalty  will  he  a  continuous 
noise  spent  rum  due  to  the  random  choice  between 
the  two  possible  reset  times.  The  following  para¬ 
graphs  compute  the  density  of  this  noise  spectrum, 
•riven  the  probability  distribution  oj  the  over l  low 
event  . 


<Jomput.it  imi  of  the  Spent  rum  for 
Gauss  ian  F.d^e  Jitter 

In  Appendix  I,  it  is  shown  that  the  spectrum 
of  .1  square  wave  that  exhibits  a  small  amount  ot 
edfe  time  jitter  may  be  computed  if  one  knows  the 
probability  density  function  (pdf)  of  the  time 
jitter,  and  the  mathematics  are  relatively  simple 
il  the  jitter  is  independent  from  edge  to  edge. 
Spec  i  f  i  i'a  1  1  v ,  the  spectrum  depends  upon  the 
charnel er i st i c  function  of  the  time  jitter  process 
wh  i  cb  i  s  de I  i ned  as : 
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From  Hfure  ,  the  normal  pliase  error, 

•  an  he  seen  to  he  related  to  an  err<  r  value,  e, 

-  nlninod  in  the  accumulator  just  prior  to  the 
normal  "Verf low  event.  Clearlv,  e  must  be  less 
than  k.  Bv  add  inf  a  random  number,  X,  the  accumti- 
1  itor  will  still  overflow  at  its  normal,  late  edge 
it  X  is  less  than  e,  hut  will  overflow  one  clock 
time  car  I v  if  X  is  greater  than  e.  Now,  if  X  is 
selected  as  specified  from  uniform  random  dis¬ 
tribution  from  0  to  k-l,  the  probability  density 
‘  uni  t  i-Ti  of  the  two  event  s  is: 
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The  expeded  value  of  the  overflow  point  is: 
'  >  ■■  *  t  P ( t  )  +  ( i  -  T  )  p  Cl  -  T  ) 
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and  where  p ( 1 )  is  the  pdf  of  the  time  ot  occur¬ 
rence  of  the  edge,  with  respect  to  the  edge  of  the 
"true"  square  wave  being  synthesized.  In  the 
case  of  the  jittered  accumulator  synthesis  tech¬ 
nique,  the  actual  values  of  •  can  take  on  only 
two  values,  or.o  ahead  of  the  average  edge,  and 
one  behind. 


I  lie  complete  spectrum  0!  tile  square  wave  as 
derived  in  Appendix  1  (Kq  A  —  1  . ’  and  A-I  1),  includ¬ 
ing  both  discrete  and  continuous  components,  is 
computed  from  F(ju,)  as: 
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where  A  is  the  peak- to-peak  value  ami  2T,,  is  the 
complete  time  period  of  the  fundamental  output 
square  wave. 


the  dither.  In  the  general  ease,  te  can  be 
expected  to  vary  uniformly  from  0  to  Tc ,  resulting 
in  an  average  value  for  [F(jw)|*  of: 


As  an  example,  considei  t  lie  ease  of  a  logic 
device  having  jitter  which  can  he  modeled  as  a 
zero  mean  waussian  distribution  with  variance 
In  tli is  case. 


■;  ■)  “T 
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Kinally,  under  tiie  condition  that  -#0  * 

•  —7-  ,  the  spectrum  ot  the  synthesized 


Bv  using  Equation  (4)  to  determine  F(jw),  and 
then  substituting  this  into  Equation  ('>),  one  can 
siiow  that  the  output  spectrum  of  the  square  wave 
will  he : 


square  wave  near  this  fundamental  frequency  .is 
determined  by  substitution  of 
2 

jF(ju)j  into  Equation  (5)  is: 
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From  the  above,  the  noise  power  density  to 
carrier  power  at  the  fundamental  frequency  wiLl  be: 


At  the  fundamental  output  frequency, 

U  t  *  —r  )  the  noise  power  density  to 

o 

carrier  power  will  be  (Note  1): 


this  relationship  it  can  be  shown  that  tor  a 
t  il  d»*\.i.c  t-.  provide  an  Ny  of  -IV)  dBc/Hz, 

“C 

t'.pical  :  reejuen*  v  ot  1  MU/,  it  must  exhibit 
dge  imtihilitv  ot  less  tiian  7  picoseconds. 


I'lic  output  Spe<  i rum  «d  a  Synthesizer 
I'sinj^  Ace  .imulator  Dither 

Returning  to  the  synthesized  waveform  where 
tht  d  i  st  r  i  but  ;<‘n  1  -•  not  continuous,  F(j.u)  may  still 
he  >  omput  ed  from  Equal  ion  (A)  using  Equation  (L) 
for  1  lie  disi  rote  pdf  ot  flu1  eirlv  and  late  edges. 

A!  t*-r  some  ■ .•ampul  at  iona  I  labor,  the  retail  t  is: 
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Note  that  this  depends  upon  the  error  value 
will*  {1  an  vary  t  mm  0  to  I,  .  This  means  that 
tit  hough  l he  average  t requeue v  is  correct  and 
independent  »t  the  continuous  noise  dens  l  tv 

term  of  Iquation  ('»)  will  depend  upon  \  t. ,  being 
Vbiximum  at  I.  /2.  It  r,.  Were  always  identi- 

1  1 1  1  v  M  (of  1,  ).  10  noise  would  lie  introduced  !>v 

Null  l:  'Mi  is  is  also  known  as  /'(f),  the  frequency 
dura. 1  it,  measure  of  phase  flut  luat  Urn  sidebands. 


Again,  it  must  be  emphasized  that  non-harmonic 
lines  will  not  be  present,  only  the  noise  floor 
defined  bv  the  first  term  of  (10). 

The  power  of  this  entirely  digital  technique 
ultimately  lies  in  the  ability  of  technology  to 
provide  high-speed  accumulators,  and  provides  a 
b  ilii  N0/t  improvement  for  every  doubling  of  the 
dock  frequency.  As  an  example,  a  present-day  ECL 
synthesizer  using  a  100 -MHz  clock  could  deliver  a 
1-MHz  output  with  an  N0/C  of  -95  dBc/Hz,  which, 
although  not  nearly  as  large  as  can  be  obtained 
from  fundamental  sources,  is  quite  sufficient  to 
meet  many  practical  needs.  Ultimately,  (JaAs 
devices  that  are  expected  to  be  able  to  be  clocked 
at  bHz  rates  could  provide  N0/C  measures  well 
below  -LOO  dBc/Hz. 

Experimental  Results 

A  breadboard  direct  digital  synthesizer  (DOS) 
was  constructed  of  iow-power  Shottky  logic  to  test 
the  dither  efiect  (Figure  5).  in  this  design  a 
pipelined  24-bit  accumulator  was  clocked  at  a  lb- 
MHz  rate  and  a  pseudo-random  number  generator  and 
control  logic  allowed  a  pseudo-random  number  Lo  be 
periodically  added  to  the  accumulator .  A  dither 
size-select  circuit  was  used  to  adjust  the  dither 
modulation  to  an  amount  just  great  enough  to 
eliminate  the  spurious  sidebands,  for  each  value  01 
input  frequency. 

The  breadboard  was  built  primarily  to  test 
circuits  that  will  be  incorporated  Into  an  LSI 
design  tiding  CMOS /SOS  technology,  rather  than  lo 
optimize  a  HE  design.  The  results  are  not  optimum 
f ot  an  LSI  design  either,  but  enable  the  principle 
to  he  checked  out. 

Figure  f>  shows  the  spectrum  of  a  typical 
undithered  output  with  spurious  sidebands  present. 
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•uni  Figure  7  shows  the  same  output  with  dither. 

As  predicted,  the  spurious  sidebands  vanish,  being 
replaced  by  a  uniform  phase  noise  spectrum,  flat 
to  within  less  than  one  Hertz  ot  the  carrier. 

Figure  8  plots  the  noise  and  spurious  levels 
vs  output  frequency.  The  expected  undithered 
spurious  sideband  level  is  commonly  expressed  .is 


which  is  plotted  as  the  theoretical  value.  Running 
above  it  in  a  zig-zag  course  is  the  measured  spur¬ 
ious  level  of  the  most  significant  bit  "square 
wave"  output.  A  computer  analysis  also  shows  this 
same  pattern.  This  is  due  to  the  fact  that  the 
spurious  modulation  pattern  is  the  Sd..»e  on  the 
leading  and  trailing  edges,  except  for  a  varying 
relative  phase,  so  there  is  a  varying  amount  of 
reinforcement  and  cancellation  between  edges. 

Also,  the  spurious  (modulation)  frequency  increases 
and  decreases,  going  through  a  zero  beat  each  time 
the  f4.  /  1 0  ratio  is  exact  power  of  2. 

An  important  application  of  DDS  is  to  serve 
as  a  reference  for  a  phase- lock  loop.  With 
digital  phase  discriminators,  only  one  edge  of  the 
reference  wave  is  used,  the  other  being  supplied 
trom  the  VCO,  divider,  etc.  This  results  in  6  dB 
less  noise  modulating  the  loop  (because  of  the 
correlation  between  edges).  The  spurious  level  is 
now  ,i  uniform  function  of  a  carrier  frequency, 
since  the  edge  interaction  effects  have  been 
removed . 

When  dither  was  applied,  the  amount  of  dither 
modulation  was  determined  bv  the  most  significant 
bit  in  the  frequency  control  word,  resulting  in  a 
i  — <1 B  step  per  octave.  There  is  also  a  j-dli  drop  in 
noise  when  onlv  one  edge  is  used,  because  the  two 
ed  g  e  s  a  r  e  u  n<  o  r  r  e  1  a  t  e J  . 

Tiie  developed  formula  for  earr ier-to-noi se 
Jens i t  v 


is  bused  upon  a  normalized  1-Hz  noise  bandwidth. 

As  si  town  in  Figure  8,  this  formula  is  rearranged 
and  includes  the  system  noise  bandwidth.  It  can  be 
seen  that  the  no i se-handwidth-to-c lock,  ratio  is  the 
dithered  "improvement  factor,"  as  the  original 
spurious  sideband  energy  is  uniformly  spread  over 
the  band  0  to  f4 ,  but  only  a  portion  is  recognized 
in  the  system  bandwidth.  The  graph  is  plotted  tor 
the  commonly  used  voice  communications  bandwidth  of 
3  kHz. 

Applications  of  the  Dithered  Accumulator 

The  dithered  accumulator  is  particularly  suited 
to  LSI  integrated  circuits,  being  all  digital  and 
requiring  no  large  ROM  memory  or  D/A  converters. 

Its  praitioal  value  will  iiu  reuse  as  the  maximum 


clock  speeds  increase  with  smal ler-geometry 
CMOS/SOS  and  gallium  arsenide  circuits,  reducing 
the  noise  levels.  For  the  same  output  frequency, 
1-MHz  for  example,  the  dithered  single-edge  phase 
noise  of  -49  dBc  ( 3— kHz  bandwidth)  with  a  16-MHz 
clock  would  drop  to  -62  dBc  with  a  64-MHz  clock! 
Even  higher  clock  frequencies  will  be  possible  in 
the  future,  which  will  allow  either  lower  noise  or 
higher  output  frequencies. 

If  the  concept  of  adding  noise  to  a  system 
still  seems  strange  (aren’t  we  always  trying  to 
reduce  it?),  one  might  consider  the  advantage  that 
reducing  the  bandwidth  (for  example,  by  following 
the  DOS  with  a  narrowband  phase-lock  loop)  lowers 
the  random  noise,  but  close-in  discrete  spurious 
levels  remain  unchanged.  This  is  an  important 
factor  in  some  narrowband  systems  such  as  111'  tone- 
coded  transmissions  and  CW  telegraphy. 

As  direct  digital  synthesizers  find  increas¬ 
ing  use  in  frequency-hopping  systems,  a  dithered 
accumulator  in  a  small,  low-power,  high-speed 
integrated  circuit  could  be  of  great  value  in  HF, 
VHK,  and  UHF  communications. 
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Appendix  i 

Duration  of  the  spectrum  of  a  square  wave 
with  edge  time  jitter 
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Introduc t ion 

The  case  considered  here  is  applicable  to 
situations  wherein  the  dither  time  process  is 
uncorrelated  (white  phase  noise)  from  edge  to 
edge,  which  is  appropriate  for  many  cases  of 
interest.  In  order  to  further  simplify  the  mathe¬ 
matics,  we  start  by  analyzing  an  alternating 
sequence  of  time-dithered  impulses.  Then,  be  noting 
that  a  square  wave  can  be  viewed  as  the  time 
integral  of  a  train  of  alternating  impulses,  we 
easily  obtain  the  desired  prediction  for  the  square- 
wave  power  spectrum.  A  most  important  consequence 
of  the  edge  jitter  phenomenon  is  that  a  continuous 
spectrum  (noise)  around  dc  is  created  in  the  case  of 
the  square  wave. 

Spectrum  of  Randomly  Jittered  Impulses 
(Uncorrelated  Samples) 

Consider  the  situation  in  Figure  A-l  which 
shows  a  periodic  alternating  sequence  of  impulses 
of  strength  ±  A.  Successive  impulses  are  separated 
by  t0*  In  Figure  A-2,  the  same  impulse  sequence  is 
shown  with  edge  jitter  added.  The  spacing  between 
successive  Impulses  is  now  a  random  variable. 
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Now,  let 


1  *  Nt  (  (A-4 ) 

On  the  average,  one  i.s  considering  a  truncated 
stream  of  jittered  impulses  (  (2N+I ) impulses)  dur¬ 
ing  the  computation  of  the  Fourier  transform  men¬ 
tioned  above.  Thus, 


Figure  A-2.  littered  Sequence 
ol  ImpuLses 

For  the  jittered  sequence,  one  can  write 

u(t)  »  (-1)1’  AMt-nt  -  .1  )  (A-l) 

^  o  n 

n=— * 

As  a  specific  example,  we  will  consider  the 
case  where  the  pn*s  are  uncorrelated,  identically 
distributed  continuous  (laussian  random  variables 
such  that 

Ec  =  0  (A-2) 

ri 

K- J  -  -2\  '  ■■  t  (A-2) 

n  o 

-  0  i!  k  *  •  (A-2) 

k  ■ 

However,  other  distributions  are  acceptable 
and  (an  be  handled  using  the  procedures  described 
below.  For  tlie  ideal  situation  in  Figure  A-l,  all 
..p’s  are  zero. 

An  often  used  expression  (Reference  A- 1 >  for 
computing  power  spectral  densitv  o*  i  wlde-sense 
stationary  process  i.s 

S(j(v)  3  *  im  ^  h  Jrrl.(juj)  U2T(-J-)|  '  w  <  •*'  (A-l) 

T  •  * 

where  units  are  in  power  per  Hertz  and: 

*  Fourier  transform  a  finite  section 
of  length  2T  of  a  sample  t unction 


N  .  ,  ,  V 

Z(  nri,  -ju> (nt  -p  ) 
(-1)  A  e  o  n 

n  =-N 
N 

..  r  .  •,  Vr  i  \“  a  +jw(nt  -p  ) 

•  l  2T(-jw)  =  2^(“i)  A  e  °  n 

n  =  -N 

and 


t  U2T(ju>)  U2T(-Ju.) 


(A-j) 

(A-6) 


-  eJa2|;  2(-ot+k  e-J“(k-ut<,e-j-(Vut)  i 

(  ic= — N  i:--N  I 

=  a2  t  £<-l>*+k  e-ju(k'£)  to 

k=-N  il*-N 


In  order  to  evaluate  the  above  expectation 
involving  summations  over  k  and  i’.,  it  is  convenient 
to  examine  Figure  A- 3. 


k 


Figure  A-J 


L.rj.  f-  jw)  =  complex  conjugate  of  U^.(ju,) 
K  statistical  expectation 


Reference  A-l:  .1 .  A.  Aseltine,  ’’Transform  Methods 
in  Linear  Systems  Analysis,11  Mcllraw  Hill,  New  York, 
1  9f>8 . 
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One  ean  write  equation  (A-7)  as  follows: 


E  j  U2T(i‘“')  l,2T('J'u)  \ 


(2fH-l) 


Z  2(-l)e+k  e'Ju(k'?)t» 
k*-N  2--N 


With  kV«,  one  obtains 
E  L-MV^I 


-  K(-Juj)  F(+joi) 

where  F(jw)  -  E  j  J 

*  characteristic  function  of  u„ 


(A-8) 


(A-9) 


Recalling  now  the  basic  formula  for  spectral 
density  given  in  Equation  (A-3) : 

Su(w)  -  am  i  E  j  U2T(jui)  U2T(-ju,){ 


tin,  -ji-E  ju2T(jw)  U2T(-jw)| 


-La2 


(l-|F(jw) |2)  +  |  F  (  j  w  )  j  2 


*  St-1)"1  e 


jwmt0 


Su(«)  -  L-  (l-|F(jw)|2)  +  |  F(  jw)  |  2 


r 

o  n*-®*  °' 


n  odd 


(A-12) 


Using  Equation  (A-9)  In  Equation  (A-8)  and 
summing  along  lines  of  constant  (k-1)*,  one  easily 
f  inds 


E  U2T(jw)  U2T(-jw) 


a 


A  j  (2N+1)  +  |F(ju)r 

j -2n|cT Ju,t°  +e+ju'C°j  (A-10) 
( 2N-1 )  (e‘2juto  +2JwM..j| 


Adding  and  subtracting  3  terra  corresponding 
to  n=0,  one  obtains 


E  U2T(jw)  U2T(-jw) 


(2N+1 )  (1—  [F(juj)  \) 

2  I 


+  j  F(jw) ]  (2N+1) 


(A-ll) 


-  2Nje'jWt°  +e+jwt°\ 

+  (2N-1)  (e-2wt°  +e+2u,:oj..; 


This  is  a  most  general  result,  from  which  the 
power  spectrum  can  be  evaluated.  Note  that  both 
discrete  and  continuous  (noise)  terms  exist  in  the 
spectrum. 

Spectrum  of  Square  Wave  with  Independently 
Jittered  Edges 

Consider  a  square  wave  of  magnitude  ±  A/2 
indefinitely  in  time  in  both  directions  whose 
edges  are  jittering,  and  let  the  edge  jitter 
statistics  be  described  by  Equation  (A-2) .  Since 
the  impulse  train  of  Equation  (A-l)  can  be  obtained 
by  differentiating  this  square  wave,  the  power 
spectrum  of  the  square  wave  is  easily  obtained  by 
multiplying  the  impulse  spectrum  (A-12)  by  1/uj2. 
Thus, 


S  (w)  *  — ~  S  (w) 

sq  wave  2  u 


(A-13) 
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(A-14) 


•From  Figure  3,  it  Is  clear  that  for 

k+fl 

(k-f.)*  *1,  1 3,  .  .  .  ->  (-1)  '  *  -1  and  for 


(k-*.)-  t2,  *4, 


->  (-l)k+t  -  +1 


Note  that  the  period,  T,  of  the  fundamental 
square  wave  -  2T0.  As  above,  this  spectrum  lias 
both  a  noise  term  and  discrete  terms,  but  the  noise 
term  is  maximum  at  w“0,  reaching  a  value  of 

oa2  2 
2A  a 
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COS  (2irt0t)  SIN  (2wfot) 


•  MINIMUM  OUTPUT  FREQUENCY 

V* 

•  SYNTHESIZED  OUTPUT  FREQUENCY 

kf^N 


Figure  1.  Direct  Digital  Synthesizer  —  Simplified 
Standard  Block  Diagram 
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Figure  2.  Accumulator  Contents  vs  Time  —No  Dither 
(Simple  Case  N  -  4,  K  «  3) 


*  RULES  FOR  DITHER  GENERATION 

1)  0<  X  <  K  p<k)  -  1/K 

2)  ADD  NEW  X  ONCE  PER  OUTPUT  CYCLE 

3)  SUBTRACT  OLD  X  ONCE  PC R  OUTPUT  CYCLE 

Figure  3.  Direct  Digital  Synthesizer  — 
Dithered  Accumulator 


Figure  4.  Accumulator  Contents  vs  Time 
(Result  of  Random  Dither) 
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ADVANCED  SAW-LSI  FREQUENCY  SYNTHESIZER* 


D.J.  Dodson,  M.Y.  Huang,  M.D.  Brunsman 


TRW 

Defense  and  Space  Systems  Group 
Redondo  Beach,  CA  90278 


S umma  ry 

Fast  hopping  frequency  synthesizers  are  a  key 
component  of  frequency  hopped  spread  spectrum  sys¬ 
tems.  TRW  has  recently  completed  development  of  a 
prototype,  direct  mix-and-divide  frequency  synthe¬ 
sizer  [1,2]  which  is  ideally  suited  for  such  appli¬ 
cations.  The  synthesizer  generates  frequencies 
from  1296  to  1536  MHz  in  3  MHz  steps  and  Is  capable 
of  switching  between  frequencies  in  less  than  50  ns 
Surface  acoustic  wave  (SAW)  and  RF-LSI  devices  are 
used  extensively  throughout  the  design  to  produce 
this  extremely  fast,  small  synthesizer  [3-7], 

Architecture  Sumnary 

A  block  diagram  of  the  synthesizer  is  shown  in 
Figure  1.  A  mix-and-divide  architecture  has  been 


Figure  1.  SYNTHESIZER  BLOCK  DIAGRAM 

chosen  for  this  application  because  of  the  repeated 
use  of  identical  components  (within  the  processing 
module)  which  allows  the  designer  to  take  advan¬ 
tage  of  the  circuit  complexity  available  with  RF- 
LSI  circuitry.  Mix-and-divide  synthesizers  also 
offer  great  flexibility  in  the  choice  of  frequency 
range,  number  of  frequencies,  and  step  size.  As 
shown  in  Figure  1,  the  synthesizer  consists  of 
three  modules:  a  tone  generation  module,  a  proces¬ 
sing  module,  and  an  output  module.  Four  fundamen¬ 
tal  frequencies  are  produced  in  the  tone  generation 

*Thfs  work  was  supported  in  part  by  the  U.S.  Army 
Electronics  Research  and  Development  Command  Con¬ 
tract  No.  DAAB07- 78-C-2992 . 


module.  Within  the  processing  module  three  of 
these  are  selected  in  RF«-LS1  SP3T  switches  and 
subsequently  mixed  and  divided  In  the  RF'-LSI 
analog  multipliers  and  dividers.  The  resulting 
output  of  the  processing  module  is  81  frequencies 
with  1.5  MHz  spaclngs  at  one-half  the  desired  out¬ 
put  frequency.  The  output  module  doubles  the  fre¬ 
quency,  amplifies,  and  filters  the  output  of  the 
processing  module  to  produce  the  desired  81  fre¬ 
quencies  from  1296  to  1536  MHz  In  3  MHz  steps. 

Hardware  Description 

The  generation  of  the  four  primary  frequencies 
in  the  tone  generation  module  Is  accomplished  with 
a  bank  of  Injection  locked  SAW  oscillators.  Injec¬ 
tion  locking  of  SAW  oscillators  was  Investigated 
during  the  development  of  this  synthesizer  and  has 
been  previously  reported  [8],  It  has  been  found 
that  SAW  oscillators  obey  the  theory  of  Injection 
locking  developed  by  Adler  [9]  with  some  modifica¬ 
tion.  Injection  locking  bandwidth  of  a  SAW  oscil¬ 
lator  was  found  to  be  a  strong  function  of  phase 
slope  or  delay. 

Based  on  this  understanding  of  injection  lock¬ 
ing,  a  bank  of  oscillators  was  built  with  free- 
running  frequencies  at  the  four  primary  frequencies. 
The  bank  was  injection  locked  to  the  output  of  an 
SRD  comb  generator.  Injection  locking  bandwidth 
of  these  circuits  has  been  measured  and  found  to 
agree  very  closely  with  theory. 

The  output  of  each  oscillator  is  filtered 
through  a  SAW  filter  to  reduce  spurious  signals 
produced  by  the  comb  generator.  The  output  of  one 
of  the  oscillators  Is  plotted  in  Figure  2.  Note 
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Figure  2.  OSCILLATOR  OUTPUT 


that  the  spurious  signals  are  reduced  to  less 
than  -45  dBc .  In  this  circuit  the  filter  was 
actually  identical  to  the  oscillator  delay  line 
and  had  relatively  poor  rejection.  If  required, 
greater  rejection  of  spurious  signals  could  be 
achieved  through  the  use  of  SAW  output  filters 
with  steeper  skirts. 

The  processing  module  is  the  heart  of  the 
synthesizer.  The  circuit  consists  of  four  SP3T 
RF-LSI  switches  as  shown  in  Figure  3,  four  ADM 
(amplifier-divider-mixer)  circuits  as  shown  in  Fig¬ 
ure  4,  and  interstage  bandpass  filters.  A  photo¬ 
graph  of  the  module  is  shown  in  Figure  5.  The 
circuitry  is  mounted  on  a  10-layer,  multilayer 
circuit  board  so  the  signals  can  be  routed  without 
coupling.  The  swept  output  of  this  module  is  shown 
in  Figure  6.  Note  that  the  output  power  is  not 
flat  and  actually  shows  discontinuous  jumps  in 
power  as  various  switch  inputs  are  selected.  No 
attempt  was  made  to  produce  a  constant  output  power 
at  this  point  in  the  circuit  since  the  output  mod¬ 
ule  was  being  driven  into  saturation. 


Figure  3.  SP3T  RF-LSI  SWITCH 
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Figure  4.  ADM  CIRCUIT 

The  photograph  of  the  output  module  is  shown 
in  Figure  7.  The  saturation  characteristics  and 
frequency  responses  of  this  circuit  are  shown  in 
Figures  8  and  9.  Note  that  the  lowest  power  from 
the  processing  module  will  drive  this  circuit  into 
saturation,  eliminating  the  need  for  constant  output 
power  at  the  output  of  the  processing  module. 


Figure  5.  PROCESSING  MODULE 
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Figure  6.  PROCESSING  MODULE  SWEPT  OUTPUT 


Figure  7.  OUTPUT  MODULE 


A  photograph  of  the  integrated  synthesizer  is 
shown  in  Figure  10.  The  circuit  requires  approxi¬ 
mately  70  in. 7  in  its  present  configuration  but 
could  be  reduced  to  as  little  as  10  in.1  through 
the  use  of  hybrid  circuits. 


$ 
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Figure  8.  OUTPUT  MODULE  SATURATION 


•our  1200  MHl  1600  MHz 

Figure  9.  OUTPUT  MODULE  FREQUENCY  RESPONSE 


Performance  Summary 

Performance  of  the  synthesizer  is  shown  in 
Figures  11  through  14.  Figure  11  shows  the  swept 
output.  Note  that  the  output  power  follows  the 
frequency  response  of  the  output  module.  A  single 
frequency  output  is  shown  in  Figure  12.  Spurs  at 
approximately  -32  d8c  can  be  seen.  The  principle 
contributions  to  spurious  signals  were  from  two 
unexpected  sources.  Coupling  in  the  ADM  package 
and  on  the  multilayer  board  were  both  higher  than 
anticipated.  Care  was  taken  with  the  RF  switch 
to  launch  onto  the  chip  from  coplanar  waveguide  [10] 


and  with  this  technique  spurs  were  limited  to  ap¬ 
proximately  -60  dBc .  A  similar  approach  must  be 
taken  with  the  ADM.  The  multilayer  board  requires 
improved  grounding  and  impedance  matching.  Improve¬ 
ments  to  the  design  of  this  board  are  currently 
being  investigated. 


FREQUENCY 


Figure  11.  SWEPT  OUTPUT  RESPONSE 


Figure  12.  SINGLE  FREQUENCY  OUTPUT 


Figure  13.  SWITCHING  SPEED 

Measured  switching  speed  for  the  synthesizer 
is  shown  in  Figure  13.  This  photograph  was  taken 
by  hopping  the  synthesizer  from  1353  to  1368  MHz 
and  mixing  its  output  with  a  coherent  1368  MHz. 
Here  we  see  that  the  output  changes  from  a  15 
MHz  beat  note  to  0  Hz  in  about  15  ns.  Finally, 
phase  noise  density  is  shown  in  Figure  14. 
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Figure  14.  PHASE  NOISE  DENSITY 


Conclusion 

The  work  described  here  has  demonstrated  that 
for  applications  where  speed  is  essential,  a  direct 
mix-and-divide  synthesizer  utilizing  high  frequency 
filters,  mixers  and  dividers,  is  an  excellent 
approach.  Such  synthesizers  are  very  flexible  in 
output  range,  number  of  frequencies,  and  step  size, 
and  are  in  no  way  limited  to  the  few  frequencies 
produced  by  this  synthesizer.  A  similar  TRW  design 
produces  2S6  frequencies  with  1  MHz  spacing. 

This  work  has  also  demonstrated  excellent 
applications  for  SAW  and  RE-LSI  circuitry.  Both 
enhance  the  performance  and  reduce  the  size  of  the 
synthesizer.  SAW  filters  offer  excellent  rejection 
of  spurious  signals  in  a  very  small  volume  and 
yield  very  stable  oscillators.  Similarly,  RF-ISI 
circuits  realize  complex  processing  functions  in 
very  small  volume. 
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Table  1  is  a  summary  of  the  performance  and 
potential  capabilities  of  this  synthesizer.  Improve¬ 
ment  in  performance  implied  -  particularly  spurious 
level  -  is  fairly  straightforward.  8y  Improving 
packaging  and  the  design  of  the  multilayer  board 
it  is  felt  that  spurious  rejection  in  excess  of 
60  dB  can  be  accomplished  at  the  output  of  the  pro¬ 
cessing  module.  Reducing  size  would  require  the 
circuits  be  built  as  hybrids  instead  of  using  the 
conventional  construction  techniques  shown  here. 

Table  1.  PERFORMANCE  SUMMARY 
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SC-CUT  QUARTZ  CRYSTAL  UNITS  IN 
LOW-NOISE  OSCILLATOR  APPLICATION  AT  VHF 


D.J.  Healey,  III,  S.Y.  Kwan 
Westlnghouse  Electric  Corporation 
D&ESC,  Baltimore,  Maryland 


SUMMARY 

Cr ystal -cont rol 1 ed  VHF  oscillators  are  widely 
used  in  signal  generators  that  must  provide  good 
short-term  frequency  stability  and  low  phase  noise. 
These  oscillators  utilize  AT-cut  crystals  operating 
on  an  overtone  mode. 

Further  reduction  of  phase  noise  is  difficult 
tv  achieve  because  of  the  amplitude-frequency  ef¬ 
fects  exhibited  by  AT-cut  crystal  units. 

Doubly  rotated  crystals,  such  as  SC-cut  plates, 
exhibit  significantly  less  amplitude-frequency 
effects  than  do  AT  cut.  It,  therefore,  is  feasible 
to  operate  the  SC-cut  crystal  units  at  higher  cur¬ 
rents  than  are  allowable  in  AT-cut  crystal  units. 
Provided  that  internal  phase  fluctuations  asso¬ 
ciated  with  the  oscillator  do  not  increase  signi¬ 
ficantly  as  crystal  current  is  increased,  improvement 
in  short-term  frequency  stability  and  noise  of  the 
crystal -controlled  VHF  signal  generator  Is  expected 
when  using  SC-cut  crystal  units. 

An  examination  of  the  practicality  of  obtaining 
lower  noise  oscillators  at  100  MHz  when  using  third 
overtone  SC-cut  crystals  rather  than  fifth  overtone 
AT-cut  crystals  was  made.  Measurement  of  the  am¬ 
plitude  frequency  dependence  of  the  SC-cut  and  AT- 
cut  crystal  units  was  made.  The  results  indicate 
that  crystal  unit  power  dissipation  can  be  in¬ 
creased  6-  tolO-dB  above  levels  that  have  been 
used  with  the  AT-cut  units. 

A  review  of  noise  sources  associated  with 
bipolar  junction  transistor  oscillators  indicates 
that  second-  and  third-order  distortion  is  respon¬ 
sible  for  the  dominant  flicker  of  phase  exhibited 
in  practical  oscillators.  The  frequency  correction 
term  arising  in  solution  of  the  vanderPol  equation 
gives  an  insight  into  requirements  for  reducing 
flicker  of  frequency. 

The  bridged-tee  oscillator  is  suitable  as  the 
oscillation  sustaining  circuit  for  an  SC-cut  VHF 
<  rystal  unit.  Noise  sources  of  this  circuit, 
including  the  ampl i tude- to-phase  conversion  of 
ampl ltude-modulated  f 1 icker  noise,  was  considered 
and  an  estimate  oiJCii)  expected  for  such  an 
oscillator  was  obtained.  Measurement  of  a  pair  of 
identical  oscillators  was  then  made  and  reasonable 
agreement  is  found  to  exist  between  the  predicted 
fC  (f)  and  measured  ( f ) . 


It  is  found  that  t'.  -  'C-cut  VHF  crystal  does 
provide  substantial  improvement  of  VHF  signal 
generator^  ff)  in  comparison  with  AT-cut  VHF 
crystal-controlled  oscillators. 

LINEARIZED  MODEL  OF  OSCILLATOR  PHASE  NOISE 


Figure  1  shows  the  block  diagram  of  an  oscilla¬ 
tor  modeled  as  a  feedback  amplifier  configuration 
containing  an  amplifier  In  the  forward  'VM  path 
and  a  frequency  selective  filter  in  the  feedback 
"tf"  path.  The  Barkhausen  condition  Is  described 
by  figure  2.  Figure  1  circuit  can  oscillate  at 
frequencies  for  which  the  Barkhausen  condition  is 
satisfied.  In  a  practical  oscillator,  n  is  depen¬ 
dent  on  the  amplitude,  V,  of  the  voltage  applied  to 
its  input.  The  noise  model  of  figure  1  does  not 
account  for  nonlinearity  of  M.  /i  is  simply  con¬ 
sidered  to  be  precisely  the  value  necessary  to 
satisfy  the  Barkhausen  condition  and  independent 
of  oscillation  amplitude. 

The  model  of  figure  1  was  first  proposed  by 
Leeson^  and  its  validity  confirmed  by  Sauvage^. 

In  the  model,  S6^(f)  represents  the  spectral  den¬ 
sity  of  phase  modulation  associated  with  a  signal 
passing  through  the  n(3  transmission  path.  This 
spectral  density  includes  an  f  dependency  arising 
from  low-frequency  noise  sourges  and  nonlinearity 
in  the  p8  components  and  an  f  dependency  arising 
from  additive  noise  in  the  vicinity  of  the  oscilla¬ 
tion  frequency.  Shot  noise  and  thermal  noise 
sources  contribute  to  the  f  dependency.  Low  fre¬ 
quency  shot  and  thermal  noise  also  can  contribute 
to  the  f°  as  well  as  f~a  type  S6^(f).  This  will 

cause  an  apparent  noise  figure,  F,  as  used  by 
Leeson  and  others  to  appear  higher  than  the  F 
otherwise  used  in  the  expression  for  S^(f). 

In  high  Q  oscillators,  sugh  as  crystal- 
controlled  oscillators,  the  f  dependent  S6.,(f) 

<t>i 

when  a  ■  1  results  in  frequency  flicker  of  the 
oscillator  signal  within  the  feedback  bandwidth. 

The  f  dependent  S6^(f)  results  in  white  fre¬ 
quency  fluctuation.  Beyond  this  bandwidth,  the 
output  signal  observed  at  A  exhibits  additive 
S6^i ( f ) .  The  S  <f)  of  the  oscillator  signal  at  A 

then  is  as  shown  in  figure  3.  If  the  oscillation 
signal  is  observed  at  B  in  figure  1,  then  the  addi¬ 
tive  phase  signal  at  A  is  further  attenuated  by 
the  transmi8sion  characteristic  of  the  8  circuit. 
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The  expression  for  the  oscillator  output  signal 
phase  is 


v«*  -  s*oi,f>  L1  +  (';;)(! 


S . ( f  )  *  one  sided  spectral  density  of  phase 


wher  • 


i > s«  i  I  1  atur  f  requeu.  \ 

passive  0  ui  tiii-  oscillator  <  don  luutod 
bv  phase  shift  property  of  d  ircuit) 

offset  frerpieu*  v  (modulat  ing  frequency) 


SA  <f)  can  be  viewed  as  caused  by  a  number  of  ran¬ 
dom  ampl itude,  random  phase  voltages  added  to  the 

f°° 

oscillator  signal  voltage,  since  x  2,  ( f  )  *x  Signal 

Power.  This  would  be  the  case  for  additive  noise. 
Then,  since  a  single  component  of  noise  added  to  the 
oscillator  signal  can  be  considered  as  a  result  of 
equal  amplitude  and  phase  modulation,  one-half  the 
noise  constitutes  the  phase  fluctuation.  This  leads 

to  the  concept  that  Sd  .(f)  can  be  expressed  as 
<t>  i 


1 

2 


S  6  * 

<J>i 


F_kT 

2Hs 


(1 


'V.  )  - 


where  F  is  a  noise  factor 


FkT  \ 

'7/ 


i  constant  between  1  and  2 


is  the  oscillation  f  r«  ;uem  y  signal  power  at 
input  jf  sustaining  irculr 

f  is  the  offset  frequemy  ‘modulating  frequency) 

f(.  is  a  cutoff  frequency 


The  F  is  not  the  usual  noise  figure  of  the  sus¬ 
taining  amplifier.  The  reason  is  tliat  non- 
linearities  are  present  in  the  practical  oscillator 
and  the  simple  osi  iilatur  noise  model  is  a  linear 
one.  The  non-linearity  always  present  in  practical 
electrical  oscillators  results  in  frequency  u p- 
l onvers ion  of  low- f requeue y  noise.  The  low- 
frequenev  noise  includes  flicker  and  white  noise. 
!)own-i  unversion  of  wideband  noise  also  is  present. 

S 0 U  RC  ES  OF  NO  1 5  F  _  1_N  B I  -POI .A P. 

*  jVnTTIo'n  TRANS  I  STORS 

Figure  A  shows  an  equivalent  circuit  represen¬ 
tation  f(*r  the  transistor.  Note  that  several 
parameters  are  nonlinear,  being  current  and  voltage 
dependent . 


The  flicker  noise  is  modeled  by  a  second 
fluctuation  current  generator  paralleling  the 
base  current  shot  noise  current  generator.  1^ 

and  I  .ire  average  values  of  base  current  and 
emitter  current . 

!  r«quon<  v  (onvers  ion  of  1  ow-f  requem  ••  noise 
caused  hy  the  oscillator  signal  coiranu  t  at  ion  result  ;■ 
in  dominant  1  v  ampl  itud<-  modulat  ion,  To  influence 
S  5  ^  j  (  f  )  ,  there  must  he  conversion  i  rom  .innlitude 
to  phase  modulat  ion.  In  a  previous  paper  ,  it  was 
theorized  that  second-order  distort  ion  would  up- 
c. invert  t  in.-  low  frequency  muM*  to  hand  surrounding 
t he  oscillator  signal  frequency  us  amplitude 
modulation,  which  then  would  be  converted  to  phase 
modulation  via  the  source  impedance  plus  base  re¬ 
sistance  and  base-emitter  capacitance.  In  wide¬ 
band  implifiers,  this  mechanism  lias  been  verified. 
In  os'  iilator  app!  i<  at  ion ,  this  is  found  not  to 
In*  the  dominant  mechanism. 

In  addition  to  second-order  distortion,  there 
is  third-order  distortion. 

The  second  harmonic  current  of  the  bipolar 
transistor  VHF  oscillation  sustaining  circuit, 
however,  is  nearly  in  quadrature  with  the  funda¬ 
mental.  Therefore,  the*  amplitude  flicker  modula¬ 
tion  at  the  second  harmonic  appi ars  as  nearly  all 
phase  modulation  of  the  osi  iilator  signal.  To 
minimize  the  "multiplicative"  noise  in  an  os<  iila¬ 
tor  (  ircuit,  therefore,  the  nonlinearity  must  la- 
made  as  small  as  possible  and  must  be  as  small 
as  possible. 

For  a  realistic  quantitative  measure  of  the 
fli<  ker  of  phase  as  well  as  white  phase  noise  in 
SA^iff),  a  transient  solution  of  the  simple  cir¬ 
cuit  shown  in  !  igure  r>  was  made. 

The  transistor  was  modeled  to  have  hpp  =  70, 

{ j  -  12  00  MHz  using  a  charge-controlled  model. 

The  Zj.  of  Vj  .dims  is  representative  of  the 
crystal  unit  impedance  in  a  hr idged-t ee-osc i 1 lat or 
circuit  configuration.  Sel f- 1 imi t ing  operation  is 
investigated  by  examining  the  collector  current  as 
a  function  of  the  amplitude  of  the  input  signal 
to  t  he  iron  it  <*r  f  igure  r>. 
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Figure  b  shows  a  plot  of  the  collector  current 
tur  Vj  =  1  volt.  Note  tliat  current  limiting,  occurs 
!  or  this  vomlitivni.  (  Vhe  -simple  circuit  of  figure 
h  if-  analvzed  to  avoid  problems  with  initial  cotuli- 
t  ions  required  1 1.»  ui  hieve  an  inexpensive  solution. 
When  a  circuit  involving  1.,  (J,  H  is  subjected  to 
transient  solution,  an  excessive  amount  of  compu¬ 
tation  is  necessary  in  order  to  reach  the  steady- 
state  solution,  unless  nearly  exact  initial 
conditions  are  provided  for  <  arrenL.s  and  voltages 
associated  with  the  memory  elements;  i.e.,  I.  and 
i  .  ) 


Transient  solutions  were  obtained  for  various 
values  of  Vi  from  0.1  to  1.0  volts  and,  at  each 
value,  a  small  change  in  V/4  was  made  and  transient 
solut  ion  obtained.  Fourier  analysis  of  the  result¬ 
ing  collector  current  then  was  made. 

Figure  7  shows  typical  printout  of  the  Fourier 
analysis  for  V  j  ■-  D . (i  voLts,  V/4  -  b  volts;  V  j  -  (J.9 
volts,  V;-o.i;il  volts. 

Not.-  that  the  relative  phase  of  the  collector- 
current  second  harmonic  is  nearly  in  quadrature 
with  tin  fundamental  component. 

Also  note  that  the  effect  of  an  equivalent  low- 
t  re'juen-  v  input  of  0.01  volts  added  to  Vj  results 
in  '  hang*  of  the  second  harmonic  by  0.0b  mA.  The 
fundamental  changes  by  (hid  mA .  Figure  8a  shows  a 
fundamental  wave  and  a  second- harmon ic  wave  in  which 
relative  phase  is  zero  degrees.  The  zero  crossings 
"i  f  the  sum  of  these  two  waves  is  unaffected  by  the 
a::.;iitud»  luinges  of  either  the  fundamental  or 
i  n»d- harmon  i-  component  waves. 

In  :  igurt*  F  I. ,  a  9D-degree  lag  of  the  second 
narmuni  relative  to  the  fundamental  is  shown.  For 
fnis  c  ndition,  the  time  ol  zero  crossing  of  the 
ompocite  waveform  is  affected  both  by  the  amplitude 
variations  »f  the  fundament.il  and  second-harmonic 
.  ompuuent  waves.  Phase  modulation  of  the  osc i 1 lator- 
su.sta  in  ing-i  ir<uit  current  thus  occurs  due  to  ampli¬ 
tude  modulation  of  the  transistor  current  by  t  lie 
low- I  r  equen.  v-iio  i  se  current  because  of  the  relative 
pha*-*  that  exists  between  fundamental  and  second- 
harmoni*  .  «*mponents  >»f  the  current  . 


FUNDAMENTAL 


SIDEBANDS  (a  V  V  +3,  a,  V*V  +  *  a,  V  V  S  fo-.C  +  „  .  t 
(SECOND  1  °  n  1  '  °  n  2  '<  °  n 

ORDER) 


SECOND 
HARMONIC 
S I DFBANDS 
(THIRD 
ORDKR) 


(?  a.A’-’v  <  '  a,V4V  +  ('a.  72V*) 

s  ion  '*  j  o  n  o  j*  on 

cos(da'  +  ^  )  t 


To  minimize  the  amplitude  of  the  sidebands, 

VQ  and  the  odd-o rder-d  i  st or t  Ion  components  should 
bo  as  small  as  possible. 

Negative  current  feedback  is  useful  in  reducing 
a-j ,  arJt  etc.,  but  a  nonlinearity  is  still  demanded 
by  the  vanderPol  equation  ir.  order  tlial  nearly- 
simisoidal,  constant -ampl i tude  sustained  oscilla¬ 
tions  be  obtained. 


The  reason  for  the  second-harmonic  phase  lagging 
the  fundamental  appears  to  be  due  to  the  nature  of 
the  base-emitter  junction  impedance.  If  the  funda¬ 
mental  and  second  harmonic  frequencies  were  both 
well  below  the  beta  cutoff  frequency,  the  phase 
shift  could  be  greatly  reduced.  Much  reduced  multi¬ 
plicative  noise  then  should  be  experienced  In  a 
S-Mllz  oscillator  using  the  same  transistor  used  in 
the  100-MHz  oscillator. 


VANDERPOL  EQUATION 


The  frequency  correction  term  arising  in  solu¬ 
tion  of  the  vanderPol  equation  also  is  an  indication 
that  the  amplitude  fluctuation  will  cause  frequency 
fluctuation.  The  nonlinear  differential  equation 
of  the  form 


? 

cTx 

V 

dt 


C-f(x) 


dx 

dt 


obtained  from  the  integro-different  ial  equation 
-:  +  /  xdt  -  ef(x) 


P*‘du  i'.ig  t  level  of  *.s-  illation  voltage  from 
1  .  '  r  •»  j.  .'!•!(•.  results  ir.  change  of  relative 
;•  \a  i-r  t  ■  •  ’  .  b  degrees. 

1?  t  :.en  appears  that  -  ausi  d  by  low-frequencv 

.*•  is»  .iss-ji.  i,n  rl  with  ?  h»-  transistor  will  decrease 
as  •  :.»  i ; s •  illation  amplitude  is  decreased. 

!  he  expansion  u!  t  no  current  as  a  power  series 
■if  V,  i.e.,  i  -  a,  ♦a-Vfa,V  ♦«*  jY  ♦  ...  where 
V  •  Vj-  u  ^  t  ♦  7n  •  o  su»n  t  ,  shows  that  the  amplitude 
wdJ  il.it  ion  ol  the  !  undamei.  t  a  1  arises  from  the 
a  ,  a  a  ^ ,  .  .  .  terms  and  the  amplitude  modulation 

7  t  he  second  i.armunh  aris<:,  from  a.,  ,  a-?,... 

terms.  Ft  the  cast  when  terms  due  to  nonlinearity 
greater  than  fifth  degree  can  be  neglected,  the 
result  is 


is  known  as  the  vanderPol  equation  .  The  integro- 
different  ial  equation  results  directly  from  con¬ 
sideration  of  the  circuits  shown  in  figure  9.  (a^ 

and  are  assumed  real  in  usual  solution  of  the 
vanderPol  equation.) 

Solution  of  the  vanderPol  equation  is  limited 
to  const ra int  that  t«l.  This  provides  solution 
for  circuits  that  produce  electrical  harmonic  os¬ 
cillation  (very  near.lv  sinusoidal  voltage  and 
current).  The  circuits  are  quas  i -1  inear ;  i . e . , 
the  nonlinear  conductance  (or  nonlinear  reactance) 
terms  are  small  compared  to  susceptance  (or  reac¬ 
tance)  terms.  Although  such  conditions  must  exist, 
t he  curvature  of  the  nonlinear  current  voltage 
characteristic  can  still  be  very  large  at  the  re- 
g  ion  of  int erest . 
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;olut  ion  is  assumed 

to  he 

of  r  he  1 orm 

-  a  sin  (  t  +  0) 
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found 
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High  h>  reduces  .\f  »  but  fluctuation  of  a}  results 
in  t  fluctuation  that  depends  on  a^.  The  excess 

gain  therefore,  must  be  as  small  as  possible  to 
prevent  amplitude  fluctuation  of  a  from  being 
converted  to  significant  frequency  fluctuation. 

i'HK  VI IF  SC-CH  C'kYSlAJ.-/'ONTROI..I.i;!) 

( J S  C 1 U .AH  )R  R K  SON ATO R~ 

VH;-  third-overtime  SO-cut  ■  ry.it. il  units  were 
i  iiu.  J  f  i  an  twc  i  rysta!  unit  manufacturers.  Mea- 
j\  the  amplitude  frequency  «  haraeter  ist  ics 
:  f  :.*  sc  rvstal  units  and  of  the  f  i  t  f  h-over  tutu- 
.‘•I  :t  ju:ts  presently  use!  was  mad'-.  Figure:.  10 
•  i  .  sow  typical  <  ha  ra«  t  er  i  »t  i .  s  obtained  for 
these  two  types  of  crystal  units.  The  reduced  non¬ 
linearity  exhibited  by  the  SC  cut  as  compared  to 
AS  tut  crystal  units  indicates  degradation  of  K  as 
i‘  is  increased  will  be  less  for  SC  cut  crystal 
units  than  for  AT  cut  crystal  units.  Measurement 
of  the  crystal  unit  parameters  .it  drive  level  of 
JO  dBm  also  were  made  using  the  HP4I91A  kr  Impe¬ 
dance  Analyzer.  figure  Id  shows  the  measurement 
a r  range men t . 

'  uP  '.  i  *#l  A  was  or.  t  r  >  1  1  ! ••;.  a  '»-H  i  '.A  «  onpu  t  »-r 

and  ,*  a su rement  -if  R  *  ;  X  ,  .  *  ;  R  ,  V  ^0  im!  F.  /Q  was  made 
•f  t:.e  rvstal  unit  ovei  a  rang#-  f  f  r  equ.  :u  i  •:  to 
d*.  termlne  jrvstai  unit  parameter  values.  With 
i  i.tf.uf*'  and  statif  capa<  itan  approx  inat  e  1  y 


anl  1  rt-sonal ed,  r.  latively  simple  rel.it  ionr.h i pu 
shown  in  figure  11  are  used  to  nhtain  R  ,  t  and 
t)  of  the  crystal  unit  from  HPM°1A  measured 
quantities.  C()  plus  Ce  j plus  Ce  ,  ,  is  obtained 
by  subt  rad  Ion  •  ■  f  fixture  suscept  ;Tn<  e  when  m.a- 
surerunt  is  made  a  few  percent  h>-l>iw  •  rysta'.  unit 
resonant  f  requeue y.  The  active  f(  d  •  ■!  cm  irn-d  fr 
theory  is  found  to  be  much  smaller  than  the  trea¬ 
sured  <  r vst a  1  -iin i t  .st.it  ic  capacitance.  I  na<  t  i v ■ 
st  at.  i  •  c.apac  i  t  awe  thus  appears  to  he  ign  if  i*  ant  . 
fl’lat  es  were  0.  .IS-  inch  diameter  with  f'.  1  -  iu<  i. 
diameter  electrodes.)  Figures  Id,  IS,  and  16  show 
tabulated  results  of  the  parameter  values  as  de¬ 
termined  for  the-  SC-cut  crystal  units  using  the 
HI*'*  I  hi  A. 

SUSTAIN TNf;  CIRCUIT 

A  suitable  sustaining  circuit  is  provided  by 
tin*  hr  idgod-t  ee  circuit.  Figure  17  shows  t 
basic  circuit.  This  circuit  can  be  analyzed  as 
a  feedback  oscillator  in  which  the  ■  rvstal  unit 
provides  the  dominant  part  of  the  d  circuit.  it 
<an  also  be  analyzed  as  an  I.C  Colpitis  ■»:;«  iltator 
stabilized  by  the  phase  shifting  property  of  • 
crystal  unit.  In  this  case,  the  S^fl)  is  improved 
because  t  lie  effective  t  ransrondue t am: e  exhibit 
the  c  rvstal -un  i  t  phase-shift,  property  as  well  as  i 
decrease  in  magnitude  with  frequency  chan  ip  in 
accordance  wit h 

X  h  •  i  t  <'-&> 

I'iur-  IP  shows  t  Si*-*  measured  7  .A  for  one  et  t  l.v  S'-- 
ut  rvstal  units.  In  the  SC-cut  crvstal-contralie 
oscillator  t  lie  Barkliausen  condition  must  not  !>•■ 
sat  isfied  at  the  B  mode  frequency  under  any  cone!  i  - 
t  inn,  such  as  when  energizing  the  oscillator  ■  ir 
■  •lit  or  during  steady-state  condi!  ion.  The  phase 
shitting  characteristic  and  magnitude  of  th(  ant  i- 
rcsonant  impedance  provided  at  the  collector  by 
the  i.,  Cj,  C., ,  C^,  R  circuit  are  sufficient  to 

guarantee  such  conditions  if  R/.I.  >  10  and  the 
excess  gain  is  less  than  3. 

CAD  analysis^  of  the  actual  oscillator  circuit 
is  useful  in  computation  of  fC  (f)  for  real  non¬ 
linear  oscillator  circuits. 

j£(l)  CHARACTERISTICS 

Two  oscillators  were  constructed  and  measure¬ 
ment  of  S,  +  S  was  made  using  arrangement 

OSC I  osc 1 

of  figure  19- 

Figure  20  shows  the  results  of  the  measurements 
as  well  as  the  values  of  <^(f)  that  were  calculated 
Reasonable  agreement  exists  between  predicted  and 
observed  values  of*l(f).  At  large  offset,  f ,  ad¬ 
ditive  noise  introduced  by  circuits  that  follow 
the  oscillators  significantly  influence  the  ob¬ 
served  S^ff)  of  the  signal  source. 
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Figure  JO  compares  Liu-  results  with  the 
results  given  by  Pugeot  at  the-  34  th  A.SFC.  Note 
that  .1  reduction  in  pliase  noise  exhibited  by  the 
■  illator  output  slightly  greater  tl\an  the  hi¬ 
re.*  "-e  in  crystal  unit  dissipation  is  obtained. 
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D.j.  Healev,  Ill,  "Flicker  of  Frequency  and 
Phase  and  White  Frequency  and  Pliase  Fluctuations 
in  Frequency  Sources",  Proc.  J6th  Annual  Sym¬ 
posium  on  Frequency  Control,  1971,  pp  29-42. 

A.  ‘.hinder Po  1 ,  "The  Nonlinear  Theory  of  Electric 
illations",  Proc.  1REV22,  1934,  pp  1051-1086. 


A  comparison  also  was  made  between  the  SC-cut 
and  third-overtone  and  fifth-overtone  AT-cut 
crystal  units  operating  at  +6  dBm  and  0  dBm  cry¬ 
stal  unit  dissipation.  These  results  are  shown  in 
figure  21. 
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nual  Symposium  on  Frequency  Control,  pp.  233— 
236. 
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•  input  Lead  Is  Broken  (and*  Normal  Passive  Circuit 
Terminations  Provided  at  Break  Point) 

•  V1  Applied  as  Input  tb  n 

•  If  Return  Voltage  d  V0  =  V1  in  Absolute  Value  and  Phase,  the 
Restored  Circuit  Will  Function  as  an  Oscillator 

(Simply  Nyquist  Condition) 


f-  tuquumy 


Figure  3.  Oscillator  Phase  Noise  S  •vtrum 
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iflps  Diffusion  Capacitance  and  Depletion  Capacitance 


Figure  4.  Transistor  Circuit  Large  Signal  Operation 
and  Noise  Sources 


Figure  f>.  Co ller tor  Current  of  MAH  2;  V4«0,  V*=  1 


FOURIER  COMPONENT'  OF  TRANSIENT  RESPONSE:  I '01  1>  VI  =  0.9  VOLTS,  V4  =  0 
DC  COMPONENT  =  1.O92D-02 


HARMONIC 

PPEOUEWC V 

FOUPIEP 

NDRMRL I ZED 

PHASE 

NORMAL I  ZED 

no 

■  Hr  • 

COMPONENT 

COMPONENT 

■DEG. 

PHASE  f  DEG 

i 

1 . 000D+0S 

1 . 4861'- Ci<? 

1 . 000000 

-16.566 

0.  0 

c‘ 

c‘.  00 0D>  OS 

3.  099P-03 

0. 808568 

-106. 854 

-90.288 

3 

?.  00 OD ♦OS 

1 .  3? 3D- 03 

0.  083728 

-53.459 

-  36 . 892 

4 

4.  00  0D+ OS 

3.  ?46Ii-04 

0.  02521  0 

-65. 095 

-48.528 

5 

*> .  0 OOP ♦OS 

4.664D-04 

0.  031  382 

-78.696 

-62. 129 

K 

k  .  000D+08 

8.  86 ID- 04 

0.  018250 

-56.825 

-40.  359 

7 

r.  00 OD ♦os 

1 . 616D-04 

0.  01  0876 

-77.418 

-60.858 

A 

S.  OOOD^OS 

1 .58 OP- 04 

0.  01  0687 

-74. 327 

-57.761 

•3 

9.  OOOD^OS 

8 . 65  3D  -  05 

0.  006486 

-66. 058 

-49.498 

FOUPIEP  COMPONENTS  OF  TPRN ;  I  ENT  RESPONSE:  I  '01  1>  VI  =  09  VOLTS.  V4  =  0.01  VOLTS 
DC  COMPONENT  =  1.106D-02 


HARMONIC 

FREQUENCY 

FOUPIEP 

NORMALIZED 

PHASE 

NORMALIZED 

no 

•  HZ  < 

COMPONENT 

COMPONENT 

•PEG) 

PHRSE  <DEG> 

1 

1 . 000D+ 08 

1.498P-02 

1 . 0000 0  0 

-16.478 

0.  0 

s 

8.  0 OOP +08 

3.  036P-03 

0.  808649 

-1 06.476 

-89. 998 

3 

3.  OOOP+08 

1. 398D-03 

0.  093300 

-52.507 

-36. 029 

4 

4.  000P+08 

3. 75 ID- 04 

0.  025037 

-58.613 

-42. 135 

c 

5.  000D+08 

4.505P-04 

0.  030070 

-75.884 

-59.406 

6 

6.  000D+08 

8.91  ID- 04 

0.  019431 

-52.839 

-36.361 

7.  000D+08 

1.559D-04 

0.  01  04  06 

-69.357 

-52.879 

S 

8.  000P+08 

1 .547D-04 

0.  010329 

-69. 097 

-52.619 

9 

9.  000P+  08 

9.814D-05 

0. 006552 

-58. 039 

-41.561 

Figure  7.  Fourier  Components  of  HAR  2 
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Figure  8a.  Relative  Phase  of  Fundamental 
and  Second  Harmonic  0° 


SIN  (WT)  1  1C0S  (2WT) 


Figure  8b.  Relative  Pliase  <■!  I'unil,imi*n  t  a  i  ar.d 
S «  c  (Mid  Harmon  ic  nr/' 


Figure  8.  F.ffects  ol  Second  Harmutii.  Current  Amplitude 
Variation  on  Zero  Crossing  ol  tin-  Comp|.-v  Wave!  orrr. 
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i  =  -ai  V  +  83  VJ 


V  =  -b,  i  +  b3i 


Figure  9.  Simple  Electrical  Oscillators 
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L0,  Self  Capacitance  <1  pF,  Q>100.  Antiresonates 
Total  Static  Capacitance. 

Admittance  Measurement.  Find  f  for  Maximum  g  Use  as  fs 

Impedance  Measurement  Z<Q 

Determine  0  =  —  (dfl/df)ma)r 
2 

Impedance  Measurement  R  +  jX 
1 

Determine  C,  = - {dx/df  in  Vicinity  of  fs) 

nfs2  dx/df 

1  dx/df 

Determine  R1  = - =  - 

2nfs0C1  de/df 


Figure  13.  Some  Relationships  Useful  In  Obtaining 
Crystal  Unit  Parameters 


f 

Unit  No 

Nom  Ffeq 
(MH/I 

OxTAL 

Ri  •0"  Mode 
(OHMS) 

C,  "C"  Mode 
(femlo-faradsj 

dx/df 

OHMS/  H?) 

dtf/df 

(RAD/Hz) 

r 

5 

101  1 

57323 

46  8 

0  58296 

0  05342 

0  001123 

; 

6 

101  1 

72518 

31  7 

0  68174 

0  04568 

0001436 

1 

7 

101  1 

78300 

294 

068731 

0  04531 

0  001549 

1 

8 

101 

95748 

3t  7 

05101 

0  06117 

0  001896 

9 

101 

89132 

28  5 

0  60635 

0  05136 

0  001765 

i 

10 

101 

96606 

26  4 

060717 

0  05129 

0001913 

L 

1 1 

101 

82618 

28  1 

0  67524 

0  04612 

0  001636 

Figure  14.  Tabulation  of  Parameters  for  Third  Overtone 
SC-Cut  Crystal  Units 


S'N 

B/C 

(dB) 

Spurl/C 

Spur2/C 

FSpur-F  Sc 
(Hz) 

F  Spur-F  Sc 
(Hz) 

008 

1  94 

8 

11 

18000 

40000 

009 

4  65 

10 

11 

14000 

22000 

010 

0  4 

6 

6 

16000 

42000 

011 

04 

15 

12 

_ 

14000 

33000 

Electrode  Diameter  0.1  Inch 
Plating  Chrome.  Silver.  Nickel 


Figure  1  r).  Resistance  Ratio  in  dB  of  Unwanted  Modes  to  "CM  Modes 


Unit  No 

R„  (OHMS)  From  Analyzer 

R„(OHMS) 
Calculated  From 
Measured  dx/df  and  d@/df 

5 

46.8 

47.11 

6 

31.7 

31.81 

7 

29,4 

29.25 

8 

31.7 

32.2 

9 

28  5 

29.1 

10 

26  4 

26.81 

11 

28.1 

28.19 

a.  Crystal  Unit  Resistance 

CO  (pF) 

CX  +  CH  +  CO  (pF) 

CO-CH  (pF) 

(Calculated 

(From  Direct 

Piezo's 

Unit  No 

From  Cl) 

Measurement) 

Measurements 

b.  Static  Capacitance 

Figure  16.  Comparisons  of  Direct  Parameter  Measured  Value 
With  Value  Derived  From  Indirect  Measurements 
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Figure  17.  Typical  Self-Limiting  Bridged-I 
Crystal-Cont rolled  Osc i 11  at  or 
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45? 


[ra 


*<f)  aB/Hz 


Frequency  (H2) 


Figure  20.  <>^  ( f  )  Characteristics  of  Third  Overtone  SC-Cut 
Crystal -Controlled  Oscillators  at  Approximately  100  MHz 
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•*w 


'/  (fl  cfB'Hz 


Frequency  (Hz) 


Figure  21.  Comparison  Displayed  by  Oscillator  Using 

SC-Cut  and  AT-Cut  Units 
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DIGITAL  TEMPERATURE  COMPENSATION 
OF  CRYSTAL  OSCILLATORS 

A.  M.  Renard  -  K.  Barnhill 


Raytheon  Company 
Equipment  Division  Laboratories 
Sudbury,  MA  01776 


Summary 

This  paper  looks  at  the  feasibility  of 
producing  digital  temperature  compensated 
crystal  oscillators.  The  test  station  is  an 
automatic  system  designed  for  testing  20  to  35 
crystals  at  one  time.  The  results  of  a  Table- 
Look-l'p  compensation  method  and  a  7th  order 
equation  compensat ion  method  are  compared. 

Both  methods  produced  results  within  a  ♦  0.()5ppm 
window  of  the  desired  frequency, 

Kev  words  (for  information  retrieval) 
Crystal  Oscillators,  Digital  Compensation, 

IVrv.pe  rat  ure  Compensat  ion . 


I nt roduc t ion 

Digital  temperature  compensation  of  crystal 
'Ntillators  will  provide  a  means  for  producing 
Low  cost,  precision  oscillators.  An  experiment 
conducted  to  prove  the  feasibility  oi  this 
produced  and  reproduced  data  that  remained 
within  +  0.05ppm  of  the  desired  frequency. 

Tile  data  obtained  suggests  a  resolution  of 
♦  o.Dl ppm  is  possible  in  the  near  future.  To 
gain  this  precision  and  reproduc i b i  1  i ty  at  a 
reasonable  cost,  tin*  following  3  design  goals 
wete  es  t  ah  1  i  shed : 

1  The  smallest  increment  of  compensation 
would  not  cause  a  frequency  deviation  greater 
than  the  desiled  accuracy. 

2.  Hu  svstem  would  he  automatic  and  be 
able  t-<  produce  crystal  ns. i 1 lators  in  production 
quail  1  it  i  es  . 

).  Hie  system  would  i ompensate  f  *r  tempera¬ 
ture  e  t  lecls  over  u  wide  operating  temperature 
rang*  .  avoiding  the  need  for  an  expensive  oven. 

lest  System 

lh  i  Automatic  Crystal  lest  S t at i or  (ACTS)  is 
malt  up  of  IhhE-dM^  bus  compatible  instruments. 

A  iiagram  >j  the  equipment  <  on  f  i  gur.i  t  i  oti  is  shown 
j  fi  f-igur*  i.  Ilit*  A(.'TS  System  monitors  frequencies, 
v-ltages  ami  temperatures  oi  the  crystal 
is.  lilatr,  stores  tie  data  and  calculates  the 
reu.i.red  l  omp,  ns.it  i  mi  t<*  maintain  the  resolution 
d-*;  I  red  . 


In  the*  future,  the  ACTS  System  could  also 
automatically  transfer  the  tabulated  data  to  a 
memory  chip  or  microprocessor  contained  in  the 
oscillator  package;  the  microprocessor  could  then 
control  the  temperature  compensation  process. 

Test  Tcchni cpie 

One  complete  test  consisted  of  two  tempera¬ 
ture  cycles.  For  both  temperature  cycles  the 
oven  temperature  was  ramped  from  -35  C  to  H5°C. 
During  the  first  temperature  cycle,  a  voltage 
across  a  varicap  was  adjusted  until  the  actual 
crystal  frequency  came  within  +  0.01  ppm  of  the 
desired  frequency.  At  this  frequency,  the 
voltage  and  temperature  were  recorded.  This  same 
process  was  repeated  continuously  as  the  tempera¬ 
ture  ramped  up.  On  the  average,  1200  pairs  of 
points  (temperature  and  voltage)  were  collected 
and  plotted.  The  results  of  one  run  is  shown  on 
the  voltage  versus  temperature  curve  in  Figure  2. 

In  between  temperature  cycles,  35  of  the 
1200  pairs  of  points  were  selected  to  determine 
the  coefficients  for  a  7th  order  equation  that 
best  fitted  the  data.  For  comparison  purposes, 
several  of  the  tests  used  5th  order  equations  to 
calculate  the  correct  compensating  voltages. 

During  the  second  pass,  the*  temperature  was 
continuously  sampled  and  several  methods  wore 
used  to  determine  the  proper  varicap  voltage.  In 
one  method  used,  known  as  Tab  I e-Look-Up ,  each 
temperature  reading  corresponded  to  a  specific 
compensating  voltage  designated  by  the  pairs  of 
points  collected  in  the  first  temperature  cycle. 
Tin*  Tab  1 e-Look-Up  method  is  strictly  a  brute 
force  approach.  A  refinement  to  this  method 
includes  linear  interpolat i on  between  any  two 
adjacent  points.  In  addition,  i nt expo lat i on  was 
tried  with  less  than  100  evenly  spaced  points, 
of  the  original  1200  points.  The  purpose  was  to 
determine  the  trade-oil  between  the  size  .*1  the 
data  base  and  the  at  curacy  of  its  compensating 
voltage  calculat ions. 

Another  method  used  to  determine  the  propel 
voltage  across  the  varicap  was  with  >th  and  7th 
order  equations.  The  advantage  ot  this  appioath 
was  that  it  requiied  almost  no  mcmoiy  spat* 


Results 


required  to  allow  the  thermistor  to  track  tie- 
crystal  temperature  more  accurately. 


A  frequency  deviation  of  ♦  0.u3ppm  was 
achieved  with  both  the  7th  order  equation  and  the 
1200  point  Table-Look-Up  with  interpolation.  The 
7lh  order  equation,  however,  produced  a  smoother 
overall  output  and  was  therefore  rated  better 
than  tin-  1  ah  1 e- Look -Up .  Comparisons  oi  the  other 
v  ompons.it  i  ng  methods  ate  given  below  as  well  as 
fisi  ussii'iis  of  significant  factors  and  problems 
encountered  in  achieving  these  results.  The 
outputs  obtained  during  the  experiment  are  shown 
in  Figures  J  and  •  ♦ ;  Figure  r)  shows  the  frequency 
versus  temperature  characteristics  of  the 
mu  ompensat ed  crystal. 

lhe  smallest  incremental  voltage 
change  from  the  power  supply  was  lmv.  A 
Imv  step  change  across  the  varicap  produced  a 
u.i'lppm  jump  in  frequency.  Initially  the  soft¬ 
ware  incremented  the  power  supply  in  lOmv  steps. 

As  shown  in  Figure  1,  the  resolution  of  the  lOmv 
step  was  U.lpprn.  This  was  a  significant  change 
m  accuracy  showing  that  a  lmv  step  is  required 
for  the  desired  frequency  resolution. 

The  frequency  variations  using  the  1200  point 
Tab le- Look-Up  produced  poor  results  on  the  cold 
side.  Variations  of  O.lppm  were  common  with  one 
peak  showing  a  Ippm  error.  Adding  linear 
interpo lat ion  between  adjacent  points  reduced  all 
frequency  errors  to  +  0.05ppm.  Interpolation 
between  every  20th  data  point  produced  a  fre¬ 
quency  deviation  less  than  +  O.OSppm  (graph  is 
not  shown).  This  is  a  significant  reduction  in 
data  points.  Using  Table-Look-Up  with  linear 
vnt crpolat ion ,  only  60-70  points  need  to  be  stored. 
This  large  reduction  in  required  storage  space 
makes  storage  required  for  Table-Look-Up 
comparable  to  the  storage  requirement  for  the 
5th  and  7th  order  equations. 

A  comparison  between  the  results  from  the  5th 
order  equation  and  7th  order  equation  is  shown  in 
Figure  .  The  5th  order  equation  produced  an 
approximate  ♦o.ippm  frequency  variation.  The  5th 
order  equation  response  is  slower  than  the  faster 
changing  voltage  versus  temperature  curve  of  the 
crystal  oscillator.  Tin*  7th  order  equation  had 
!)<•  problems  following  the  voltage  versus  tempera¬ 
ture  curve  and  appeared  to  slightly  smooth  the 
output.  Specifically  the  points  around  -  30°C  to 
-  and  at  U°C  on  the  7th  order  equation  out¬ 

put  do  not  contain  the  sudden  jumps  that  the 
lable  Look-l'p  trace  exhibits. 

Th*»  most  disturbing  problem  'ncountered  was 
tfu  f’C  periodic  ripple  discovered  in  the  5th 
t!‘t.  7  th  order  and  Tab  1  e-  Look  -Up  outputs. 

'  in  t  hr  Ta'  -Look -Dp  tract’,  this  ripple  was 
swamped  >ut  on  the  told  side  by  other  errors  but 
w  is  nut  i*  eablr  m  t  li*-  20°C  to  A0°C  range.)  This 
problem  appeared  to  be  caused  by  small 
temperature  variations  between  the  thermistor  and 
■  tvstal.  Presently,  the  thermistor  is  located 
ib  'or  1  i  te  h  away  from  the  crystal.  Hot  ft  the 
r y sfal  and  thermistor  are  embedded  in  an 
insulating  mat  •-rial  In  order  to  improve  this 
s  i  t  out  i  on  ,  a  fi  floret, i  packaging  arrangement  is 


Cone  1  us  ion 

The  ability  to  improve  the  frequency  devia¬ 
tion  from  +  0 . 05ppm  to  +  0. 01  ppm  depends  on  two 
factors.  First,  the  crystal  oscillator  must  not 
have  any  anomalies;  spurious  responses  cannot  be 
corrected  with  the  techniques  presented  here. 
Secondly,  tin-  thermistor,  or  other  temperature 
sensing  device,  must  track  the  crystal  temperature 
more  accurately. 

The  tests  have  shown  that  production  cycles 
of  20  to  35  crytals  per  A  hour  test  cycle  arc- 
feasible.  The  Table-Look-Up  approach  can  handle 
20  crystals  per  test  cycle,  and  the  7th  order 
equation  compensation  can  handle  35  crystals  pet 
Lest  cycle.  These  production  numbers  correspond 
to  the  maximum  number  of  collectible  data  points 
divided  by  the  number  of  required  data  points. 

When  comparing  the  7th  order  equat  ion  and 
the  Table-Look-Up  methods,  the  7th  order 
equation  was  found  to  be  smoother  and  produced 
excellent  results.  However,  if  the  slope  of  Un¬ 
characteristic  temperature  curve  of  another 
crystal  is  greater  than  the  one  used  for  these 
tests,  a  higher  order  equation  may  be  needed  to 
maintain  the  desired  accuracy.  The  Tab le-Look-l’p 
does  not  have  this  problem  and,  therefore,  lias 
the  advantage  of  compensating  dissimilar  crystals 
in  the  same  pass. 

We  would  like  to  thank  T.  Wagner  and  T. 
Snowden  of  General  Electric,  Neutron  Division, 
and  Dr.  J.  Vig  of  the  United  States  Army- 
Elect  ionics  Research  and  Development  Command 
(ERADC0M)  for  their  technical  support  in  building 
this  test  station.  This  investigation  was 
partially  funded  by  the  Navy  and  ERADCOM 
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I’  is  important  In  note  that  those  «*xp'-t 
1  1 1  Vinnii'-cs  are  not  tin**  vii'Min  hat  only 
fiat.-.J  y.ir  i  nf|i  •»*;: ,  he  ins"  ■ .  I  t  h  *  ■  i  inite  Hamper 
imj  In:,  t  ak«*ri  into  ;m  mint  m  t  t»i  -  ..tat  ist  i.  a: 
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i.«'t  v  ,  v  ind  v  be  Hu’  m»-:m  frequ^ri.  »*■:;  of 
tin  Hid  X\  Av  (ti  t.hf  i  r 

actuations.  The  »*st  A  1  1  an  variance  «>htai- 

'ey  .  •  >mj  .tv  \  sen  -'f  >si  lilat'H  a  and  b  is 


•  he 


the  t  Hie  frtwfcn  fw<>  samples,  m  is 

:ri'rt:.‘r  f  sample:.  and  y  \i ;  t  he  fraciio- 
.  v  f  ]1.  inat  j-m:  »verag**d  over  a  time  i 

t  *  • 


He-  s'.bs-  i'4't  a  refers 


is  be  wr  s 


-  an  he  evaluated  for  (  amnion  1  y  »*n<  * luiit.ered  upet  t  ra 
of  frequency  f|  u<  1  uat  i  ons  . 

On  fig.  d  is  illustrated  the  i  n  f  I  u*jn<  **  <>i 
the  v.  imu  1 1  am*  i  t  y  of  the  mpasuremfnts.  In  table  1 
are  jiivpn  the  results  of  a  series  of  the  '  hnr 
simultaneous  compari sons  between  the  three  os<  il  la¬ 
bors  (the  three  compar i sons  were  repeated  three 
t  imes).  For  simultaneous  measurements  the  data  are 
left  i  n  table  il  i  ri  the  order  they  appear  in  fable 
I.  By  lining  the  throe  simple  relations  the  indivi¬ 
dual  variances  of  each  oscillator  are  cal'ulated 
and  given  in  table  III.  In  this  rase  it  appears 
that,  the  results  are  coherent,  and  the  dispersion 
rather  sma 1 1 .  But  if  the  comparisons  are  not  simul¬ 
taneous,  and  this  was  artif'o  rally  obtained  by 
using  in  table  II  combinations  of  the  results  of 
the  measurements  the  calculated  individual  varian¬ 
ces  have  very  large  dispersion  arid  sometimes  even 
negative  values  appear. 


:  .  at' 


I.  U 


,  ,  .  ,  >  all  i  .  . )  ah ) 

wh*-r“  *h<-  •  •■rit  r'il.ut  i  on  and  of  e.irh 

:•  ;  1  h'"!'  appear.  The  at- ’  superscript  is  added 

t.  ;ndi<atc  that  the  individual  variance  o  7  was 

attained  in  the  '.abJ  >mnar  i  sort .  And 
a  ab  a  \  ah 

'  IV  -  V 


a: ..ta'  the  results  * « f  the  two  other  vompa- 
ne  ■  an  evaluate  •  he  plant  i  tv  : 


h 


Influence  of  spurious  noise  sources 

The  boat  frequency  between  oscillators  a,  b 
is  af  fected  by  a  frequency  noise  n  f  t  1  which  ran 
lie  due  to  spur  ious  noise  sources  in  the  electro¬ 
nics  of  the  measurement,  system.  Taking  this  noise 
into  account  one  obtains 
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ab 
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where 
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h  ab 
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whi'h  is  ciju  i  Vi.i  1  on  t  ♦. 


.  ;  '  „  3  '•  f  *  ;  ,  ,  ?  {  dc  1  _  , 1  \  be  I 


i  ab  i 


a  c  {  ac  '  h  i-  ( hr  » 
A  A  !  - 1  A  A  J 


The  deve  1  opmerit  of  relation^’/)  lets  appear 
an  iiu  tocorrel  at  ion  of  .the  noise  n  (t).  This  term 

, '  ah' 

ran  be  denoted  as  o'  with 

n 


•j 2  (  ab  ) 


1 

?  (  m-  1  ) 


m-  1 

l 

l  - 1 


ab  ab  ,  2 

vrn,  1 


«<>) 


If  the  :  muitan^t^ol  measyir^en*  s  i^jiyt 
:  i.l  i  t  ti**  terms  o'  and  -  *  or  a' 

tnd  • ;  ‘  r  i  1  rij  1  at.ed"  f  rom  sample:,  y'  and  y*1  taken 

at  lifl'-r'r.t  time.-:  may  b*-  quite  different,  The 
*■:  mat«*d  variun'O  ‘}  •  annot  tie  obtained  with  any 

r>nf  1 1 1  e  nr  e  and  a?  t  er*  r**du'  t  ion  <>f  data  results  iet 
af  ■(  (-ar  negative  values  «>f  the  variances. 


But  .1  the  condition  of  th*- 
♦he  m<-a: ;  irerr.e  n  t  n  j  v<,r  l  I  !»*■] 

.i  ,r  .»  1  ;i'  ' 


s  ;  mu  l  t  are*  i  ty  of 


(be  ? 


I ».  i 


;’>uch  a  quantity  limits  the  precio  or*  in  the 
determination  of  the  variance  of  each  oscillator. 
One  obtains  also  crosseorrelat  ioji  terms  due  to 
interaction  between  the  noise  n  (t)  and  the  n^j.^ 
of  the  oscillators.  They  can  be  denoted  as  o* 


(ab) 


1 


P(m-1  ) 


m- 1 

l 

i  -1 


ly 


a  .  .  ab 
i_yi)<ni,i'n 


ab , 


(  10) 


with  the  hypothesis  of  i ndependance  of  the  noises 
of  the  oscillators  and  of  the  measurement  system, 
these  terms  will  disappear  when  a  very  large  num¬ 
ber  of  samples  is  used.  For  a  finite  number  of 
samples,  they  contribute  to  the  dispersion  of  the 
measured  vari ances . 


H  -w'  /'-t  if  th*-  !i'ii;;c  '.our,  «*s  c i?  1  he  illa- 

.  i  r*  •  i '.defendant  tfu*  last  term  g. ,  to  /.»>ro  i  g<»- 
.i,;v  a  -  1  wh*-'!  *f.e  numb*:  *»•  d  :.anpl»*.  i  s. 

-c  . .  The  ;  r,«  e;  t  I  *1?  y  da-  t  this  last  term 


Cross var l anre  method 


Principle  ;  a  new  algorithm  is  proposed  for 
calculating  the  v.it'iance.  This  so-called  "cross- 
variain  e"  is  equivalent  to  crossrorre  1  at  ion  furir- 


ti»*n  and  it  will  be  shown  that  this  method  enables 
to  reduce  the  influence  of  the  different  noise 
sources  of  the  measurement  system  and  to  reach 
directly  the  individual  variance  of  each  oscil- 
l  a  tot* . 


The  t wo-sample-crossvariance  is  defined  by 
analogy  with  the  Allan  variance 


A  1 1  an  variance  : 

n’ScJ.i  i  = 
a 


(11) 


ross variance 


9*  (?,Tf t) 
a8 


,  a  a  w  8  B  ,  . 

i(yi*ryi)(yi*ryi)' 


(  12) 


This  crossvariance  is  calculated  by  taking 
the  statistical  average  of  the  product  of  samples 
obtained  from  two  simultaneous  comparisons. 


Influence  of  spurious  noise  sources  : 

The  two  beat  frequencies  between  oscillators 
a  and  b  agd  oscillatgrs  r  and  b  are  affected  by 
noises  n  (t)  and  n'  (t).  Cautions  must  be  taken 
in  the  realization  of  the  experimental  device  to 
achieve  independance  of  these  two  noise  sources. 


One  obtains  the  crossvariance  between  the 
two  beat  frequencies  : 

,  1  mr1f/  a  a  b  b .  ab  ab,(ab) 

'’ab.cbT^rTT  V  (yi.ryi  ’-<yui-yi |,ni.fni  1 

1  =  1 


r  .  c  c .  ,  b  b .  cb  cb icb 

|,yi*j-yiMyia-yi,+ni*i-ni  1 


(17) 


The  development  of  this  relation  gives  three 
different  terms  : 

a)  the  previous  term  of  interest  which  is 
the  crossvariance  between  the  two  beat  frequencies 
in  the  absence  of  additive  noise. 


An  estimate  of  this  crossvariance  with  reg¬ 
ard  to  two  signal  a  and  B  is  given  by  averaging 
over  a  finite  number  m  samples  : 


a8 


(2,T,t)  = 


1 


2  (m-1  ) 


m-1 


,  a  a .  ,  B  8  , 

*  (yi*ryi)(yi*ryi) 


(13) 


i  =  l 


b)  terms  of  crossvariance  between  one  oscil¬ 
lator  and  the  noise  of  the  measurement  system 


0’(cb)= 
a  ,n 


2(m-l ) 


m-1 

l 


<y 


i=l 


a,,  cb  cb. 

.fyi)(ni.r"i  > 


(18) 


Using  three  oscillators  one  has  to  introduce 
the  crossvariance  o2  relative  to  the  beat  fre¬ 

quency  between  oscillators  a  and  b  and  the  beat 
frequency  between  oscillators  c  and  b.  The  estima¬ 
tion  is  given  by  the  relation  : 


»  1  r  r  /  a  3 1  /  b  b .  ,  ( ab )  .  . , 

°ab ,  cb  ■  TuCTT  I,  [(yi.ryi,‘(yUl_yi)]  (14) 

1  =  1 

,  .  c  c  v  ,  b  bn(cb) 

l|yl,l-ylMyUfJ»)1 


The  hypothesis  of  independance  between  these  two 
kind  of  noises  will  give  a  nonvanishing  result 
only  for  a  small  number  of  samples. 


c)  a  term  of  crossvariance  between  the  two 
measurement  system  noises  : 


o2(ab)  (cb) 
n  ,  n 


1  r  ,  ab  abw  cb  cb, 

77 - 77  I  ( n  .  -n .  ( n  .  -n  .  ) 

2(m-l)  .  l+l  l  l+l  l 


(19) 


which  is  also  reduced. 


where  a,  b  and  c  refer  to  the  three  oscillators 
and  1 ab ) ,  (cb)  to  the  two  comparisons.  This  can 
also  be  written 


1 


ab ,cb  2( m-1 ) 

-  (A")"W(A.) 


Y  Ua.)ab(AC)Cb 


1  =  1  1 
b .  ab .  c.  ,cb 


(Aa)ab(4b)Cb 


(15) 


uVbuVb 


Using  the  hypothesis  of  simultaneity,  the 
last,  term  represents  an  estimation  of  the  Allan 
variance  of  the  oscillator  b,  that  is  The 
other  terms  of  the  development  are  associated  to 
the  crossvariance  between  oscillators  a  and  c,  a 
and  b,  and,  b  and  c 


(  16) 


Therefore  in  the  hypothesis  of  independance 
of  the  noise  sources  of  the  different  parts  of  the 
total  system,  the  crossvariance  a 2  gives  a 

good  estimate  of  the  variance  of  tfte  oscillator 
(b).  In  fact  the  different  noise  sources  remain 
more  or  less  correlated,  but  in  any  case  the  in¬ 
fluence  of  the  measurement  system  noise  sources  is 
strongly  reduced  as  shown  on  fig.  3,  especially  if 
the  number  of  samples  is  large.  This  is  possible 
for  short  term  stability  measurements.  In^ these 
experiments  the  integration  times  are  10  s<i<100s. 

Thus  about  200  samples  can  be  stored  without  exces¬ 
sive  duration  of  the  total  measure.  For  both  me¬ 
thods  the  measurement  system  noises  of  fig.  3  de¬ 
crease  as  t  7.  This  limitation  is  due  to  the  fre¬ 
quency  difference  multiplier  noises.  The  resolu¬ 
tion  could  be  improved  by  using  in  these  frequency 
difference  multipliers  better  voltage  controlled 
osc  1 1 lators . 


This  globaly  reduces  to  it  the  osc i 11a- 
t-.rs  are  independent.  Therefore  one  obtains  direct¬ 
ly  the  individual  variance  of  oscillator  h,  with¬ 
out  any  additional  reduction  of  data. 


This  crossvariance  method  was  used  with 
three  oscillators,  the  frequency  fluctuations  of 
which  were  artificially  increased  in  order  to  make 
these  oscillators  less  stable  than  a  fourth  oscil- 
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l.i tor  of  good  quality,  which  in  this  rase  could  be 
used  is  an  absolute  reference.  On  fig.  4  are  shown 
the  results  of  stability  measurements  on  the  three 
.  <so i 11  at .  >rs  by  using  the  rrossvar lance  measurement 
svs*»>m  with  simultaneous  comparisons,  or  by  using 
All. in  variance  method  and  direct  comparison  with 
t  tie  more  stable  reference  oscillator.  Both  methods 
ir-  i r i  good  agreement  and  this  demonstrates  the 
validity  of  the  r rossvir i ance  method. 

fig.  ;  presents  the  results,  of  stability 
vir  i: :  ujoHon  t  : .  •  mi  throe  good  quality  quart/,  osrilla- 
*  rs  tv  neatis  of  t  he  c  rossvar  i  anoe  method. 


what  was  described  in  the  rrossvar ianre  method  : 
one  introduces  in  the  crossrorrelation  function 
C  ^  noises  n,  and  which  perturb 

tne ’signals  at  the  output  of  the  phase  lo'k  loops 

t*T  , 

''ab.cb(n  ?  /  U;,(U  *  "b(t)  +  n(ab/tj] 

,  .  »  (Mi 

f  <f>  ( t  }  -  $  ( t. )  ♦  n.  ( t  i  j  J  dt. 
c  t >  { ah  ) 

After  development.,  three  kinds  of  noise 
terms  appear  : 


.’rossror re  i  a t  l on  me t  hod 


The  three  oscillators  a,  b  and  e  are  still 
u:>d.  The  method  consists  in  locking,  oscillators  a 
arsi  -  ui  oscillator  b  with  pha.se  lock  loops  as 
shown  on  fig-  (  .  The  phase  lock  loops  act  as  phase 
■ie-ird  1 1  at  ors  r,,}r  Fourier  frequencies  outside  of 
t  he  bandwidth  of  the  loop.  'V-risequerd  ly  the  error 
v  ;  1  t  ages  V  (  t.  '  and  t  *  are  respectively  propor- 

ti  'nal  to  tne  instantaneous  phase  difference  bet¬ 
ween  oscillator's  a  and  b,  and,  <  arid  b. 


Then  one  proceeds  to  the  calculation  of  the 
crossrorrelat.  ion  function  between  V  it)  and 
V  k  1  t  i.  In  fat.  t.  one  obtains  again  only  an  estima¬ 
tion  of  the  true  correlation  function  :  because  of 
■i  f  i  n  1 1  e  i  n  t.egra  t  i  on  time  T  : 


'  at  ,  cr. 


.  t  *T 

T  J  'V'" 


! 

t) 


14)  <  t-  T  )  -  *.  ( t.-i  >  ]  1  ^  dt 

c  b 


(2  0  1 


terms 


The  development  of 
o  f  r.  ros  sc  or  r  e  1  a  1 1  on 


this  expression 
of  the  form 

4>  p  1. 1  -  t  )  d  t 


yields 


(?\  ) 


whi«"h  to  zero  when  T  goes  to  infinity,  with  the 
hypothesis  of  independant  phase  fluctuations  of 
the  three  fist  illators,  and  a  term  which  is  propor¬ 
tional  to  the  autocorrelation  function  of 

the  phase  fluctuations  of  oscillator  b. 


-  crosscorreiat.ion  of  the  phase  noises  of 
the  osr i 1 1  a tors ,  as  previously 
t-*T 


(‘It  ) 
aB 


1 


/  ♦  (  t  )  4>  (  t-T  )  dt 


-  crosscorrelation  of  the  phase  noises  of 
one  oscillator  and  of  the  measurement  system  : 


t+T 


<T  )  = 


(By) 


VU  rl(BY)(t-T)  dt 


(26) 


-  crosscorrelation  of  the  noises  of  the  two 
measurement  systems  : 


C  (t 

n( ab  )°(cb) 


)  = 


t>T 


7  /  n(ab)(t)  n(cb)(t dt 

{27) 


Here  again  no  autocorrelation  term  of  noises 
exists  and  therefore  with  the  hypothesis  of  inde¬ 
pendant  noise  sources,  all  the  crosscorrelation 
terms  cancell  with  unfinite  or  at  least  large  inte¬ 
gration  time.  Unfortunatly  the  noise  sources  of 
the  systems  are  not  completly  decorre lated .  Never¬ 
theless  a  10  dB  improvement  can  be  easily  obtained 
with  this  method  with  respect  to  the  regular  auto¬ 
correlation  methods.  This  is  shown  on  fig.  7,  whe¬ 
re  are  presented  the  phase  noise  spectra  of  the 
measurement  system,  obtained  after  Fourier  trans¬ 
form  . 


Conclusion 


i  ,4T 

’  =  T  /  .  t  *•  I  t.  ■'  t-’  I  (It 

T  b  b 


The  variance  of  the  frequency 
d  i  rer  t,  1  y  fo  1  1  ows 


r}*  '  1 

*b 


[rbb(0) 


{22) 

t  I  u<:  t  uat  i  ons 

(  2  i) 


This  study  shows  that  comparisons  between 
three  (or  more)  oscillators  cannot  be  correctly 
made  without  simultaneity  of  the  three  measure¬ 
ments.  And  even  with  this  requirement  the  measured 
variances  still  are  to  be  considered  as  random 
functions  because  of  the  finite  number  of  frequen¬ 
cy  samples  taken  into  account  in  the  statistical 
average . 


If  necessary  the  phase  noise  spectrum  can 
also  be  obtained  by  £ourier  transform  of  the  auto¬ 
correlation  function  . 

The  influence  of  the  spurious  noise  sources 
ir  the  -  rossr orrel a t, i on  method  is  very  similar’  to 


The  use  of  a  crossvariance  method  or  of  a 
crossrorrelation  method  enables  on  the  one  hand  to 
determine  the  individual  stability  of  each  oscilla¬ 
tor,  and  not  as  with  the  previous  methods  a  combi¬ 
nation  of  frequency  instabilities  of  two  oscil¬ 
lators,  and  on  the  other  hand  to  reduce  the  influ¬ 
ence  of  the  measurement  system  noise  and  therefore 
to  improve  the  resolution. 
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Frequency  Dilferenr 


This  opens  the  possibility  of  characterizing 
a  good  frequency  standard  by  comparing  it  to  two 
other  oscillators  of  lower  qualities. 
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AN  ULTRA-HIGH  RESOLUTION  FREQUENCY  METER 


J.  J .  Snyder 


Center  for  Absolute  Physical  Quantities 
National  Bureau  of  Standards 
Washington,  D.  C.  20234 


A  novel  instrument  for  measuring  the  frequency 
of  a  periodic  signal  contaminated  by  phase  noise  is 
presently  being  developed  at  the  National  Bureau  of 
Standards.  This  frequency  meter  averages  over¬ 
lapping  time  intervals  using  a  simple  algorithm 
implemented  with  standard  logic  circuits.  Because 
of  the  signal-to-noise  improvement  inherent  in  the 
averaging  process,  the  standard  deviation  of  a 
single  measurement  contaminated  by  white  phase 
noise  is  proportional  to  t  l'5,  where  t  is  the  time 
for  the  measurement.  In  contrast,  the  measurement 
uncertainty  using  a  standard  frequency  counter  is 
proportional  to  T  1  in  the  white  phase  noise  re¬ 
gime1  .  For  many  potential  applications  of  the 
frequency  meter,  the  measurement  uncertainty  due  to 
contaminating  noise  may  thereby  be  reduced  by 
several  orders  of  magnitude  in  comparison  with  a 
measurement  over  the  same  time  Interval  using 
presently  available  instruments. 

Introduction 


the  value  N,  and  the  frequency  of  the  test  signal 
is  given  by 


v 


n-1 

N 


V 

o 


(2) 


This  method  is  equivalent  to  estimating  the  slope 
of  the  data  in  Figure  1  by  drawing  a  straight  line 
through  the  first  and  last  points.  If  the  clock 
quantization  error  of  ±1  count  is  the  dominant 
source  of  white  phase  noise,  then  the  normalized 
frequency  uncertainty  equals  the  numerical  resolu¬ 
tion 


v 


1  „  1 

N  V  T 
0 


(3) 


Alternatively,  if  the  measurement  is  limited 
by  white  phase  noise  in  the  test  signal,  the 
normalized  uncertainty  is 


v 


6<fr  a  6(j> 
2ttN  2ttv  t 


(4) 


For  this  analysis,  we  assume  the  test  signal 
to  be  given  by 

V(t)  =  V.  sin[2TVt  +  MO]  (1) 

where  .•  is  the  nominal  frequency  of  the  test  signal, 
and  where  we  explicitly  neglect  amplitude  noise  and 
assume  the  phase  noise  $(0(1$!  1)  to  be  white. 

The  reference  or  clock  signal  at  is  assumed  to 
be  noise  free,  and  is  taken  to  be  the  higher  of  the 
two  frequencies.  The  reference  frequency  drives  a 
clock  counter  whose  value  at  any  instant  defines  a 
time  scale  (or  equivalently,  a  phase  scale)  t.  The 
phase  of  the  test  frequency  is  used  to  derive  a  set 
of  time  values  ft^}  from  the  clock  counter,  where 
t^  is,  e.g.,  the  time  of  the  i^  positive-going 
zero  crossing  of  the  test  signal.  In  the  absence 
of  noise,  the  frequency  ratio  of  the  two  signals 
is  the  slope  of  t^  v;.  i.  The  effect  of  white 
phase  noise  in  the  test  signal  is  to  introduce 
uncorrelated  errors  in  (t^)  as  shown  in  Figure  1. 

Background 


where  the  phase  fluctuation  amplitude  is  6<f> .  For 
both  situations,  the  measurement  uncertainty  is 
proportional  to  T  1  . 

Frequency  Meter  Algorithm 

The  frequency  meter  incorporates  a  simple 
hardware  digital  filter  based  on  an  algorithm 
previously  used  to  find  zero-slope  points  of 
interferometer  fringes3 ,  and  similar  to  an 
algorithm  independently  proposed  by  Gamlen** .  As 
shown  schematically  in  Figure  2,  the  data  (tj.), 

(i»l  to  2n)  are  divided  into  n  overlapping  time 
intervals  (At^l,  each  of  length  n  cycles  of  the 
test  signal  where  n  is  a  predetermined  value.  Thus 
each  of  the  n  intervals  is  approximately  half  the 
length  of  the  total  interval.  For  white  phase 
noise,  the  n  intervals  may  be  considered  indepen¬ 
dent  and  their  average  length  is  given  as 

1  n 

<N>  -  -  Z  At.  (5) 

n  1 


A  conventional  high  resolution  counter  counts 
the  clock  for  a  time  interval  x,  defined  as  a  pre¬ 
determined  number  (n-1)  of  cycles  of  the  test  sig¬ 
nal.  If  the  clock  counter  was  initially  cleared, 
then  at  the  end  of  the  time  Interval  x,  it  contains 


The  uncertainty  in  the  computed  average  is  reduced 
by  the  averaging  process  as  /n  in  comparison  with 
the  uncertainty  in  each  interval.  The  frequency  of 
the  test  signal  is  computed  similarly  to  Eq.  2: 
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Implementat ion 

The  algorithm  may  be  implemented  with  coramer- 
oially  available  TTL  logic  circuits.  As  shown  in 
Figure  3,  a  clock  at  frequency  v  (v  ?•'  20  MHz) 
drives  a  counter  which  defines  accumulated  time. 
Strobe  pulses  derived  from  the  test  signal 
('•'  s  l  MHz)  are  used  to  sequentially  latch  the 
instantaneous  values  of  the  clock  counter  without 
interrupting  its  operation.  During  the  total 
measurement  time  (2n-i)/v,  the  strobed  values  of 
the  c Lock  counter  are  first  subtracted  from  an 
initially  cleared  digital  accumulator  for  the 
first  n  c voles  of  the  test  signal  and  then  added 
to  the  accumulator  lor  the  last  n  cycles.  At  the 
end  of  the  measurement  interval  i ,  the  accumulator 
contains  the  value 


n  2n  n 

a  -  t .  +  ::  t .  -  At .  -•  n^N>  (7) 

l  d  1  i  «*n+l  1  i  =  l  1 


where  tj  is  the  instantaneous  value  of  the  clock 
i  ountor  at  the  time  of  t  lie  il  1  strobe  pulse,  and 
‘  tj  is  tlu-  length  of  the  ic*1  interval  in  units  of 
1/  .  The  Lest  frequency  is  found  from  Eqs.  (6) 
and  (7)  to  be 


n 

A* 


(8) 


The  numerical  resolution  of  the  frequency  meter  is 
1/A  =  1/nN*,  where  N  is  the  average  value  of 
the  n  overlapping  intervals.  The  uncertainty  due 
to  clock  quantization  noise  is 


I'l  .  .L  . 

■  M  •  *  n 


(9) 


and  the  uncertainty  due  to  white  phase  noise  in  the 
s i gnu L  is 


(10) 


From  Eqs.  ( i)  and  (4) ,  we  see  that  for  the 
same  measurement  interval  '  (2n-l)/\>,  the  fre¬ 

quency  meter  reduces  the  uncertainty  due  to  clock 
quantization  or  other  white  phase  noise  by  'Wn/2  in 
comparison  with  conventional  frequency  counting 
techniques.  In  addition,  unlike  the  situation 
with  conventional  counters  the  numerical  resolution 
is  a  factor  of  /n  finer  than  the  clock  quantization 
uncertainty.  The  benefit  of  this  very  high  numeri¬ 
cal  resolution  is  that  quantization  noise  in  a 
series  of  measurement s  will  appear  to  be  continuous 
rather  than  discrete. 


D igi t al  Filter  Analysis 

A  conventional  frequency  counter  that  measures 
only  the  phase  difference  over  the  measurement 
interval  :  may  be  described  as  a  digital  filter 
consisting  of  a  negative-going  delta  function  at 
t-0  and  a  positive-going  delta  at  t*r .  In  the  fre¬ 
quency  d oraain,  this  filter  has  a  simple  sin(aj) 
response;  for  small  cu  the  filter  differentiates  the 
accumulated  phase  to  give  the  frequency  whereas  for 


large  a>  the  response  oscillates  between  *  some 
constant.  The  time- domain  character  of  the  digital 
filter  used  In  the  frequency  meter  is  a  single 
cycle  of  a  square  wave  of  amplitude  one  and  period 
r.  As  shown  in  Figure  4,  this  filter  has  a  fre¬ 
quency  response  of  sin (<i»)2/w,  and  therefore  also 
acts  as  a  simple  differentiator  for  small  v,  but  in 
addition  is  a  low-pass  filter  with  a  cut-off  at 
.>  ^  1/f.  It  is  the  reduction  in  the  high-frequenry 
phase  noise  that  is  responsible  for  the  improved 
resolution  of  the  frequency  meter. 


There  are  a  number  of  interesting  extensions 
of  these  very  simple  digital  techniques  that  in¬ 
volve  convolutions  of  sin(a>)  (phase  difference)  fil¬ 
ters  with  sin ('«))/(•>  (phase  accumulation)  filters 
that  give  additional  stages  of  high-frequency  phase 
noise  reduction  and/or  different  degrees  of  differ¬ 
entiation  at  the  origin.  For  example,  the 
sln(o))3/(ij  filter  of  Figure  5  gives  directly  the 
first  difference  of  the  frequency.  This  filter  has 
been  shown  by  Allan  and  Barnes S  to  resolve  the 
ambiguity  in  the  standard  d»?finltion  of  the  Allan 
variance  between  white  phas«?  and  flicker  phase 
noise  in  an  oscillator. 


Experimental  Results 

A  preliminary  version  of  the  frequency  meter 
has  been  tested  by  measuring  the  frequency  of  a 
21  kHz  signal  generated  by  a  low-phase-noise 
synthesizer6  in  comparison  with  its  10  MHz  inter¬ 
nal  reference.  Both  the  Allan  variance  for  a 
conventional  frequency  counter  and  a  similar 
variance  for  the  frequency  meter  were  computed 
using  measurement  times  X  ranging  from  MO  3  to 
MO3  seconds.  Tn  Figure  6  sigma,  the  square  root 
of  the  conventional  Allan  variance,  has  a  slope  of 
t  1  due  to  the  white  phase  noise  of  the  clock 
quantization  error.  Sigma  as  measured  by  the  fre¬ 
quency  meter  has  a  slope  of  T  out  to  about 
1  second  where  it  changes  to  t  1 .  As  shown  by 
Allan  and  Barnes  ,  the  slope  of  t"*1  identifies  a 
regime  dominated  by  flicker  phase  noise.  The  abrupt 
change  of  the  slope  to  t+1  at  about  100  seconds  is 
due  to  a  frequency  noise  peak  with  a  period  of  about 
one  hour  and  amplitude  of  M  raicrohertz.  This  fre¬ 
quency  error  is  shown  in  Figure  7.  Its  source  is 
unknown  but  is  believed  due  to  temperature  cycling 
within  the  synthesizer. 

A  hardware  implementation  of  the  frequency 
meter  is  under  construction  using  standard  TTL 
logic.  This  instrument  will  use  clock  frequencies 
above  20  MHz  to  measure  frequencies  as  high  as 
1  MHz.  An  Immediate  application7  of  this  instru¬ 
ment  will  be  to  the  development  of  interferometric 
laser  wavelength  comparators  with  resolution 
exceeding  a  part  in  10l 1 . 
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Figure  1:  Plot  of  accumulated  time  of  successive  positive-going  zero 

crossings  of  a  simulated  test  signal.  The  clock  frequency  is 
10  times  the  test  signal  frequency,  and  the  test  signal  has 
white  phase  noise  with  standard  deviation  =  0.6”. 


Figure  2:  Characterization  of  frequency  meter  algorithm.  The  time  scale 
is  furnished  by  a  counter  counting  the  clock  frequency  \>Q-  Th 
total  measurement  Interval  T  (2n-l)/v  is  subdivided  into  n 
overlapping  intervals  i  A t  ^  . 


466 


Frequency  Drift  of  21  kHz 

425  sec/pomt  Output  vs.  mternol  clock 
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Kreipieney  .1  r  i  f  t  of  a  synthesized  21  kHz  signal  compared  with 
its  iiuern.il  reference  at  10  MHz,  Source  of  the  drift  is 


unknown. 
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A  M00IFIED  “ALLAN  VARIANCE"  WITH  INCREASED 
OSCILLATOR  CHARACTERIZATION  ABILITY 

David  W.  Allan  and  James  A.  Barnes 


Time  and  Frequency  Division 
National  Bureau  of  Standards 
Boulder,  Colorado  80303 


Summary 

Heretofore,  the  “A1 lan  Variance o  2(r),  has 
become  the  de  facto  standard  for  measuring  oscil¬ 
lator  instability  in  the  time-domain.  Often 
oscillator  frequency  instabilities  are  resonably 
modelable  with  a  power  law  spectrum:  S  (f)  ~  f  , 
where  y  is  the  normalized  frequency,  ^f  is  the 
Fourier  frequency,  and  a  is  a  constant  over  some 
range  of  Fourier  frequencies.  It  has  been  shown 
that  for  power  law  spectrum  a  2(t)  ~  t^,  and  that 
p  =  -n-1  for  -3<o<  ♦  1,  wher((  t  is  the  nomimal 
sample  time  over  which  each  value  of  y  is  measured. 
The  modified  "Allan  Variance"  developed  in  this 
paper  yields  p  ?  -«-l  for  all  «  in  the  range  -3<a, 
which  removes  the  previous  ambiguity:  p  =  -2  for 
+  l<o.  In  other  words,  with  the  modified  "Allan 
Variance"  one  can  easily  distinguish  between  white 
phase  noise  (a  -  +2)  and  flicker  phase  noise 
(or  =  *1)  --  commonly  occurring  for  the  short  term 
instabilities  of  quartz  crystal  oscillators  and 
active  hydrogen  masers. 

Key  Words.  Flicker  Noise;  Frequency  Stability; 
Oscillator  Noise  Modeling;  Power  Law  Spectrum, 
Time-Domain  Stability;  White  Noise. 

Introduction 

The  random  fluctuations  in  precision  oscil¬ 
lators  may  often  be  characterized  by  a  power  law 
spectrum: 


the  same,  i.e.,  -  i-2.  It  is  not  at  all  uncommon 
for  white  PM  and  flicker  PM  to  occur  in  precision 
oscillators  for  t  of  the  order  of  one  second  and 
shorter.  The  modified  Allan  variance,  as  develop¬ 
ed  in  this  paper,  depends  as  t-2  for  or  =  +  1  and  as 
T-3  for  or  =  +2.  This  yields  a  clear  distinction  in 
the  time  domain  between  these  heretofore  somewhat 
ambiguous  processes. 

Definition  of  "Allan  Variance" 
and  Related  Concepts 

Define  y,  the  normalized  frequency  deviation, 
as 


y(t)  = 


~  UQ 
V 

O 


(2) 


where  v(t)  is  the  output  frequency  of  the  oscilla¬ 
tor  being  studied,  and  uq  is  nominally  the  same 
frequency,  but  of  a  reference  oscillator  assumed 
for  the  moment  without  loss  of  generality  to  be 
better  than  the  test  oscillator.  The  time  devia¬ 


S  (f)  =  h  f°  , 

y  a 


(1) 


where  y  is  the  normalized  frequency  deviation,  f 
is  the  Fourier  frequency,  h^  is  the  intensity  of 
the  particular  noise  process,  and  or  is  constant 
over  some  range  of  f  The  typical  values  of  a 
are  *2  (white  noise  phase  modulation,  PM);  +1 
(flicker  noise  PM);  0  (white  noise  frequency 
modulation,  FM);  -1  (flicker  noise  FM),  and  -2 
(random  walk  FM).  The  Allan  variance,  as  it  has 
come  to  be  known, *  has  been  demonstrated  as  a  very 
useful  statistical  tool  for  characterizing  these 
various  random  processes  with  the  exception  that 
if  n  -  *1  or  *2,  the  dependence  on  i  is  nominally 


tion  from  some  arbitrary  origin  (t  =  0)  is  the  in¬ 
tegral  of  the  frequency  deviations  (from  that 
origin): 

t 

x(t)  =  J y(t‘ )  -  dt ■  (3) 

o 

The  i—  average  frequency  deviation  over  an  inter¬ 
val,  \ ,  is 


(4) 
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where  the  assumption  is  made  that  the  time  devia¬ 
tion  measurements  are  nominally  spaced  r  apart. 


The  "Allan  Variance"  Is  defined  as: 


ny2(l)  -  i  <(y.+1  -y.)2>  ,  (5) 

where  the  brackets  "<  >"  denote  infinite  time 
average  Using  equation  (4),  one  may  write: 

V(,)  =  27*  <(*H2  '  2Vl  *  xi)2>  '  (6) 

It  has  been  shown  that  typically  o  2(i) 

,  j  V  i  2 

varies  as  r  ,  and  that  p  =  -cr-1  for  -3  <  a  <  +1.  * 

Hence,  we  see  one  of  the  dimensions  of  usefulness 
of  2(t);  i.e  ,  ascertaining  the  dependence  on  i 
allows  an  estimate  of  a  (the  power  law  spectral 
type  of  noise).  However,  if  a  >  ♦  !,  then  p  ?  -2, 
and  the  t  dependence  becomes  sc-mewhat  ambiguous  as 
to  the  type  of  noise  in  this  region.  It  is  inter¬ 
esting  to  note  that  in  the  region  a  >  +1,  o^2(x) 
is  bandwidth  (fh)  dependent;  i.e.,  the  bandwidth 
of  the  measurement  system  will  affect  the  value  of 
■T  ( t ) ,  and  furthermore,  one  may  use  the  bandwidth 
dependence3  to  determine  the  value  of  a  (see  also 
Append i *  Ref  2) 

Development  of  the  Modified  Allan  Variance 
One  may  also  write  °y2(0  terms  of  a 

generalized  autocovariance  function; 

<>  7<t)  =  -?4l  [4Ux<  r )  -  UxC2t)]  ,  (7) 

where 

Ux(t)  =  2[RX(0)  -  Rx(t)],  (8) 

and  where 

fMr)  ~  <x(t*T)  •  x  ( t )  •>  ,  (9) 

the  classical  autocovariance  function  of  x(t). 
Using  the  Fourier  transforms  of  generalized  func¬ 
tions,  one  may  determine  the  coefficients  relating 
the  power  spectral  density  to  n  2(t).  Ref  1 
gives  these  relationships  It  is  of  interest  to 
note  that  U  (r)  has  the  following  approximate  form 
in  the  region  nr  -  +  1  (see  Appendix  Ref  ?) 


U^(t)  ~  a(or ) 


_ 1_ 

2nfh 


-a+1 


-a*l 


(10) 


Hence,  one  notes  that  by  changing  the  reciprocal 
bandwidth  as  well  as  t,  one  affects  ct^2  (  t  )  in 
similar  ways,  depending  on  the  value  of  or.  From 
this,  one  should  be  able  to  deduce  the  value  of  a, 
since  the  bandwith  dependence  becomes  stronger  for 
or  moving  positive  from  +1,  and  the  r  dependence 
becomes  stronger  as  a  moves  negative  from  +1.  One 
can  change  the  bandwidth  in  the  hardware  or  in  the 

software.  In  the  past,  it  has  typically  been  done 
3  4 

in  the  hardware.  James  Snyder  has  shown  that  it 
is  relatively  easy  to  change  the  bandwidth  in  the 
data  processing  by  a  clever  technique  and  we  have 
followed  his  lead.  In  particular,  we  have  chosen 
a  new  variance  analysis  scheme  which  coincides 
with  the  Allan  variance  at  the  minimum  sample 
time,  to>  (i.e.,  minimum  data  spacing),  but  which 
changes  the  bandwidth  in  the  software  as  the 
sample  time,  r,  is  changed. 

Each  reading  of  the  time  deviation,  x .  ,  has 
associated  with  it  an  intrinsic  nominal  (hardware) 


measurement  system  bandwidth,  f. 


Define 


1 


;  and  similarly  we  may  define  a  software 


h  2nf. 

bandwidth,  f  =  f./n,  which  is  1/n  times  narrower 
s  h 

than  the  hardware  bandwidth.  This  software  band¬ 
width  can  be  realized  by  averaging  n  adjacent 

x.'s;  t  =  nt.  ,  where  i  =  1/f  .  We  have  defined 
i  ’  s  h’  s  s 

a  modified  Allan  variance  which  allows  the  recipro- 
al  software  b< 
sample  time,  t: 


cal  software  bandwidth  to  change  linearly  with  the 


Mod  a  2 ( t ) 

y 


*,) 


(11) 


where  t  -  niQ.  Eq.  11  clearly  coincides  with  Eq 
G  for  n  =  1.  One  can  see  that,  in  general,  we 
have  formed  a  second  difference  of  three  time 
readings  with  each  of  the  three  being  an  average 
of  n  of  the  x.'s  (with  non-over  1 appi nq  averages) 
As  n  increases,  the  (software)  oandwidth  decreases 
ai.d  this  bandwidth  varies  just  as  f  ‘  ff  n 

for  a  finite  data  set  of  N  ‘readings  of  *  i 


4.’i 


(  i  -  1  to  N ) ,  w°  may  write  an  estimate 


n  '  - - - 
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N-3n+l 

E 

j=i 


E  (xWn  '  2x1*n  +  x1> 


Tn+j-l 

E 

«=j 

Eq.  12  is  easy  to  program ,  but  takes  more  ti 


to 


compute  than  for  oy(x).  This  is  only  of  signifi¬ 
cance  for  the  smaller  computer  or  handheld  calcu¬ 
lator. 


Co^arisons,  Tests,  and  Examples  of  Usage 
of  the  Modified  Allan  Variance 
We  simulated  various  power  law  noise  proces¬ 
ses,  and  applied  Eq.  12.  Shown  in  Fig.  1  are  the 
resulting  x-dependences  of  the  modified  Allan 
variances  for  a  =  -2,  -1,  0,  +1,  and  +2.  The 
solid  lines  drawn  are  the  anticipated  or  theoreti¬ 
cal  slopes  for  the  particular  noise  process.  One 
sees  excellent  agreement  for  white  noise  PM  and 
for  flicker  noise  PM,  and  nominal  agreement  for 
the  others. 

One  can  express  Eq.  11  in  terms  of  the  gen¬ 
eralized  autocovariance  function: 


MOd  0yl(f  )  =  ^  ’ 


n-l 


[4Ux(x)  *  Ux(2x)]  *  n 


+  E  <n-1>[-6Ux(1t0)  +  4Ux((n+i)xo) 

i-1 


(13) 


+  4Ux((n-i)xo)  -  Ux((2n+i)xQ) 


-  Ux((2n-1)x0)]| 


In  the  range  -3  <  a  <  +1,  one  may  write: 
Ux(x)  =  a(o)  •  x'°+1  , 


(14) 


which  when  substituted  in  Eq.  13,  and  using  Eq.  7, 
yields 


«oa  •,*(«>  =  «„■<!>  {;  * 


(2n) 


n-l 

E  (n-1)  •  [-6l'°+1  ♦  4(n+1)*"'fl 
f=l  L 


-(2n+i)-“+1  ♦  4(n-1)*“+1  -  Wn-if**1 


(15) 


'I 


Since  we  know  that  oyJ(x)  is  well  behaved  in  this 
range  and  p  =  -or  -1,  it  is  of  Interest  to  look  at 
the  ratio: 


R(n)  =  Mod  oy*(x)/oy2(x)  . 


As  stated  before,  at  n  =  1  (x  =  xQ)  the  ratio  is 
unity.  One  can  evaluate  Eq.  15  with  a  computer. 
A  reasonable  empirical  fit  may  be  formed,  which  is 
good  to  0.5%  or  better  of  Eq.  15: 


qn 


(16) 


which  approaches  p/q  asymptotically  as  n  ap¬ 
proaches  infinity,  and  is  within  IX  of  p/q  for 
n  >  8.  listed  in  Table  1  are  the  empirical  values 
of  p,  q,  and  E  and  the  quality  of  fit  for  the 
appropriate  power  law  noise  processes. 


Mo1«t  Typt 

**  o  (0/ow(t) 

Kami 

o 

9 

9 

E 

fit 

Whitt  FA 

0 

1 

2 

2 

parftet 

.707 

fllcktr  FA 

-1 

99  9 

2  35 

W 

•21 

Bartdom  Walk  FA 

-2 

33 

40 

2.35 

<* 

.90% 

Fllcktr  Walk  FN 

-3 

1 

1 

** 

parftet 

1 

The 

results 

of  Table 

l 

are  in 

reasonable 

agreement 

with 

simulated 

results  of 

Fig.  1(a) 

through  1(e). 

The 

last  row  in 

Table 

1,  "flicker 

walk”  frequency  modulation,  is  out  of  the  range  of 
applicability  of  a,  but  the  ratio,  R(n),  is  still 
convergent. 
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The  Ux(t)  function  for  flicker  noise  PM  is 
extremely  complicated  and  has  not  been  developed, 
but  one  can  arrive  at  an  empirical  value  for  it. 
The  Ux(x)  function  is  derivable  for  the  other 
power  law  spectral  processes.  Table  2  gives  the 
relationships  between  the  time  domain  measure 
Mod  oy2(x)  and  its  power  law  spectral  counterpart, 


given  in 

Eq.  1. 

Also  listed 

in  the  right 

hand 

column  of 

Table 

2  are  the 

asymptotic  values 

of  R(n): 

TMU  2 

Nofi*  Type 

Hod  0y*(t> 

c— « 

R(n) 

Naae 

e 

White  Ht 

♦2 

3  fh 

h2  (2n)*  n  t» 

Exact 

1 

Flicker  PW 

♦1 

1.0M  *  Jlnte^x) 

\ - ;srp-p  ■ 

Empirical 

1 

Whitt  FW 

0 

R(n) 

V  TT- 

Exact 

0.5 

Flicker  FW 

-1 

n.j  2«n(2)  •  «<n> 

Empirical ;  Exact 
Available 

0  674 

Kendo*  Walk  FM 

*2 

^  «»> 

Eaplricel ;  Exact 
Available 

0.624 

It  is  clear  from  Table  2  that  Mod  oy2( t)  is 
very  useful  for  white  PM  and  flicker  noise  PM,  but 
for  a  <  +1  the  conventional  Allan  variance,  oy2(x), 
gives  both  an  easier-to-interpret  and  an  easier-to- 
calculate  measure  of  stability. 

It  Is  interesting  to  make  a  graph  of  a  versus 
p  for  both  the  ordinary  Allan  variance  and  the 
modified  Allan  variance.  Shown  in  Fig.  2  Is  such 
a  graph.  This  graph  allows  one  to  determine  power 
law  spectra  for  non-interger  as  well  as  Interger 
values  of  a.  The  dashed  line  for  the  modified 
Allan  variance  has  been  intentionally  moved  to  the 
left  in  Fig.  2  because  for  small  values  of  n  the 
value  of  p  will  appear  to  be  slightly  more  negative 
that  for  oy2(x),  even  though  for  large  n,  they 
both  approach  the  same  slope  (i.e.,  the  same 
values  of  p).  In  fact,  in  the  asymtotic  limit, 
the  equation  relating  p  and  a  for  the  modified 
Allan  variance  is 

a  =  -p  -1,  for  -3  <  a  <  +3  .  (17) 


The  value  of  p  =  -4  for  o  =  +3  was  verified  empir¬ 
ically  with  simulated  data,  and  it  appears  that 
for  a  >  +3,  p  remains  at  -4. 

A  direct  application  for  using  the  modified 
Allan  variance  recently  arose  in  the  analysis  of 
atomic  clock  data  as  received  from  a  Global 
Positioning  System  (GPS)  satellite.  We  were 
interested  in  knowing  the  short-term  characteris¬ 
tics  of  the  newly  developed,  high-accuracy  NBS/GPS 
receiver,  as  well  as  the  propagation  fluctuations. 
Fig.  3  shows  both  oy2(x)  and  Mod  ory2(t)  for  com¬ 
parison.  Using  Mod  oy2(t),  we  can  tell  that  the 
fundamental  limiting  noise  process  Involved  in  the 
system  is  white  noise  PM  with  the  exciting  result 
that  averaging  for  four  minutes  can  allow  one  to 
ascertain  time  difference  to  better  than  one 
nanosecond  excluding  other  systematic  effects. 

Conclusion 

We  have  developed  a  supplemental  measure,  the 
"Modified  Allan  Variance"  (Mod  oy2(x)),  which  has 
very  useful  properties  when  analyzing  oscillator 
or  signal  stability  in  the  presence  of  white  noise 
phase  modulation  or  flicker  noise  phase  modulation. 
It  also  works  reasonably  well  as  a  stability 
measure  for  other  commonly  occuring  noise  processes 
in  precision  oscillators. 

We  would  recommend  that  for  most  time  domain 
analysis,  oy2(x)  should  be  the  first  choice.  If 
ay2(x)  depends  on  x  as  x-1,  then  the  modified 
Allan  variance  can  be  used  as  a  substitute  to  help 
remove  the  ambiguity  as  to  the  noise  processes. 
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SIMULATED  NOISE 


(a)  (b) 


(c)  (d) 


i 


<e) 


Fig  l«-«.  Nod  oy(x)  using  Eg.  12  was  calculated  for  diffarant  sample  times  for 
indapendantly  ganaratad  and  simulated  noise  processes,  which  ware 
white  phase  noise,  flicker  phase  noise,  white  frequency  noise, 
flicker  frequency  noise,  and  random  walk  frequency  noise,  respec¬ 
tively.  Nod  Oy(i)  was  computed  for  399  data  points  in  each  case. 
One  sees  the  excellent  fit  to  the  theory  for  white  phase  noise  and 
flicker  phase  noise,  an  important  new  contribution  in  the  ability  to 
characterize  oscillators  having  these  noise  processes. 
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Fig.  2.  A  plot  showing  the  sapping  of  the  a  vs.  p,  both  for  the  standard 
Allan  variance  and  the  Modified  Allan  variance,  where  a  Is  the 
exponent  for  the  power  law  spectral  density  on  the  frequency  fluc¬ 
tuations  and  p  Is  the  exponent  on  the  saaple  tlae,  x.  Hod  oy(x) 
nominally  follows  the  equation  p  =  -o-X,  even  for  a  <  +1,  thus 
removing  the  previous  aablgulty  for  power  law  processes  where  In 
this  region. 


Fig.  3.  An  application  of  Hod  oy(x)  analyzing  an  HBS/GPS  receiver  output 
showing  that  It  Is  white  noise  FH,  whereas  Oy(x)  would  not  allow  one 
to  ascertain  directly  the  value  of  a,  l.e.  ,  the  power  law  spectral 
noise  type. 


d 
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Summary 

The  ultimate  stability  of  quartz  crystal 
oscillators  is  given  by  the  frequency  noise  of  the 
quartz  resonator,  which  corresponds  in  the  time 
domain  to  a  floor.  The  measurement  of  the  resonan¬ 
ce  frequency  fluctuations  of  the  resonator  itself 
can  be  made  only  if  the  influence  of  the  electro¬ 
nics  noise  is  reduced.  By  using  a  w  transmission 
network  and  a  balanced  phase  bridge  the  driving 
source  phase  fluctuations  can  be  rejected  by  50  dB 
to  60  dB.  This  measurement  system  was  used  at  room 
temperature  with  a  large  number  of  pairs  of  resona¬ 
tors,  and  a  correlation  between  l/f  frequency  noi¬ 
se  levels  and  Q-f actors  was  found,  following  a 
l/Q*  law. 

In  order  to  extend  the  measurements  to  very 
low  temperatures,  a  new  measurement  system  was 
studied,  which  allows  to  operate  with  pairs  of  non 
identical  resonators.  Thus  l/f  frequency  noise  was 
measured  at  4K  and  at  IK.  A  large  decrease  of  the 
noise  is  observed  corresponding  to  the  increase  of 
the  Q-f actors. 

A  theoretical  explanation  of  the  l/Q*  law  is 
attempted.  It  is  based  on  three-phonon  interaction 
processes,  which  are  at  the  origin  of  the  acoustic 
attenuation  and  of  variations  of  velocity.  Both 
phenomena  are  related  by  means  of  the  thermal  pho¬ 
non  relaxation  time. 


Introduction 

l/f  noise  is  a  fascinating  universal  phenome¬ 
non,  which  as  a  rule  appears  in  almost  all  physi¬ 
cal  systems,  as  well  In  the  natural  ones  as  in 
electronic  devices.  It  is  generally  agreed  upon, 
that  its  origin  and  its  mechanisms  still  remain 
not  well  understood. 

Quartz  crystal  resonators  do  not  escape  from 
l/f  noise,  and  the  ultimate  stability  of  oscilla¬ 
tors  will  be  given  by  the  level  of  the  l/f  fluctua¬ 
tions  of  the  resonator's  resonance  frequency. 

With  an  oscillating  loop  it  is  difficult  to 
distinguish  in  the  output  signal  the  respective 
contributions  of  the  electronics  (amplifiers,  buf¬ 
fers,  ...)  and  of  the  quartz  crystal  resonator  to 
the  phase  fluctuations.  A  new  technique  was  presen¬ 


ted  by  F.  Walls1,  which  allowed  to  measure  the 
inherent  frequency  fluctuations  of  a  quartz  crys¬ 
tal  in  a  passive  «  transmission  network  with  a 
large  rejection  of  the  noise  usually  associated 
with  electronics.  But  as  it  will  be  shown  this 
interesting  technique  requires  pair  of  resonators 
at  the  same  frequencies.  Therefore  it  is  not  adap¬ 
ted  for  measurements  at  very  low  temperatures. 
Nevertheless  this  technique  is  appropriate  to  mea¬ 
surements  at  room  temperature,  and  was  used  to 
study  a  large  number  of  crystals. 


Frequency  noise  measurements 
at  room  temperature 

The  measurement  system  which  has  been  used 
by  P.  Walls  is  represented  on  fig.  1.  A  frequency 
source  with  a  good  spectral  purity  drives  in  trans¬ 
mission  two  crystals,  as  identical  as  possible.  A 
phase  bridge  composed  of  a  double  balanced  mixer 
and  a  90“  phase  shifter  delivers  a  voltage  propor¬ 
tional  to  the  relative  phase  fluctuations  of  the 
two  transmitted  signals.  By  careful  adjustments 
of  the  resonator  frequencies  and  Q-factors  the 
phase  bridge  is  balanced  in  order  to  reject  the 
phase  fluctuations  of  the  source  by  50  dB  to  60  dB. 

Measurements  were  performed  on  pairs  of  iden¬ 
tical  resonators  in  a  frequency  range  from  1  MHz 
to  25  MHz,  including  different  technologies  of 
fabrication,  various  sizes  and  shapes  of  electro¬ 
des  and  mountings.  Typical  frequency  noise  spectra 
are  shown  on  fig.  2 . ,,  These  results  already  were 
presented  at  the  FCS  .  At  lower  frequencies  a  l/f* 
frequency  random  walk  spectrum  appears.  It  can  be 
attributed  to  temperature  fluctuations  AT  follo¬ 
wing  the  relationaf/f  =  a  AT/At  where  a  is  the 
dynamic  temperature  coefficient-*-  .  This  noise 
can  be  minimized  by  using  very  accurate  thermos¬ 
tats^  . 

The  levels  of  l/f  noise  measured  at  1  Hz 
from  the  carrier,  are  plotted  as  a  function  of  the 
Q-factors  on  fig.  3* 

By  linear  regression  with  logarithmic  scale 
curves  were  fitted  to  those  experimental  points, 
following  the  relation  between  the  fractional  fre¬ 
quency  power  density  spectrum,  the  Q-f actor  and 
the  Fourier  frequency 
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(1) 


f 


The  values  obtained  for  the  Level  coeffi¬ 
cient  X  and  for  the  Q-exponem.  n  depend  on  the 
selected  experimental  points  among  the  available 
values.  After  mathemat i ca 1  treatment  it  was  obtai¬ 
ned  that  3*8  <  ,n  <  4*3*  Therefore  it  is  proposed 
to  consider  that  the  most  probable  value  will  be 
n=4*  However  a  small  variation  of  n  value  induces 
a  drastic  change  of  the  level  coefficient  X.  This 
is  not  surprising  on  account  of  the  number  of  deca¬ 
des  involved  in  the  Q- factor  and  frequency  scales. 
For  the  previous  range  of  n  values  the  correspon¬ 
ding  values  of  X  are  0. 1  <  X  <  63«  A  reasonable 
fitting  would  correspond  to  X  close  to  unity  when 
n  is  an  integer  equal  to  4-  Therefore  the  averaged 
phenomenological  law  which  is  proposed  is 


S  (f)  =  — 
y  Q- 


f 


(2) 


This  is  the  first  and  only  one  law  which  was 
found  between  l/f  noise  levels  and  resonator  para¬ 
meters.  Attempts  were  made  to  correlate  l/f  noise 
and  the  resonance  frequency,  but  without  decisive 
success . 


As  pointed  out  these  data  were  collected 
from  different  quartz  crystal  units,  and  therefore 
it  is  difficult,  to  assume  that  even  at  constant 
frequency,  only  one  parameter  -the  Q- factor-  was 
modified.  The  acoustic  attenuation  of  sound  waves 
in  a  crystal  be*. rig  temperature  dependant,  the  se¬ 
cond  step  of  the  study  consisted  in  cool ing  down 
to  liquid  helium  temperature  a  pair  of  resonators 
and  comparing  the  no ise  levels  at  the  different 
temperatures  as  a  function  of  the  Q-factors. 


Frequency  noise  measurements 
at  1 ow  temperatures 

A  typical  curve  of  the  quartz  crystal  inter¬ 
nal  losses  (inverse  Q- factor)  as  a  function  of 
temperature  is  represented  on  fig.  4 •  The  peak  of 
maximum  loss  which  appears  at  20K  is  due  to  phonon - 
-phonon  interactions.  Below  this  temperature  the 
losses  decrease  and  therefore  Large  increase  of 
Q-factors  can  be  obtained. 

The  resonance  frequency  is  also  changed,  as 
shown  on  tab  I e  I . 


f(300"K  -  f (4 • 2°K ) 


crysta 1  | 
units  | 

1  | 

2  j 

3  I 

4  I 

5  I 

6  I 


5  502  Hz 

6  025  Hz 
S  $89  Hz 
5  730  Hz 
$  644  Hz 
$  77.3  Hz 


Table  I  :  Frequency  differences  between  room  and 
liquid  helium  temperatures  of  different  $  MHz 
$  th  overtone  resonators 


Between  room  temperature  and  liquid  helium 
temperature  the  total  variation  is  of  the  order  of 
5-6  KHz  for  5  MHz  AT -cut  r senators,  but  not  suffi¬ 
ciently  reproAjctible  from  one  resonator  to  ano¬ 
ther  one.  This  means  that  two  resonators  with  iden¬ 
tical  frequencies  at  room  temperature ,  will  pre¬ 
sent  frequency  differences,  when  at  4K,  which  can 
be  as  large  as  a  few  100  Hz.  This  is  due  to  small 
differences  of  the  crystal  blank  orientations.  But 
such  a  frequency  gap  is  too  large  to  be  cancelled 
out  by  means  of  tuning  capacitors. 

Thus,  a  new  measurement  system  adapted  to 
pairs  of  resonators  with  different  frequencies  was 
studied.  Its  schematic  diagram  is  represented  on 
fig.  5.  Each  of  the  two  resonators  is  driven  by 
one  of  the  side  bands  of  a  low  noise  signal, which 
is  amplitude-modulated.  The  modulation  frequency  f 
is  obtained  from  a  frequency  synthesizer,  whose 
frequency  is  divided  by  a  factor  4000  in  order 
to  purify  its  spectrum.  At  the  output  of  the  first 
mixer  the  intermediate  frequency  is  affected  by 
the  total  frequency  noise  of  the  two  resonators. 

The  influence  of  the  driving  source  phase  noise  is 
cancelled  out  by  balancing  the  Q-factors  of  the 
resonators.  A  second  mixing  with  a  2f  reference 
frequency  delivered  by  a  digital  phase  shifter 
coupled  to  the  divider  gives  at  its  output  a  noise 
voltage  proportional  to  the  resonator's  frequency 
fluctuations.  A  filter  cancells  out  the  4f  frequen¬ 
cy  component.  A  FFT  spectrum  analyzer  gives  direct¬ 
ly  the  S  (f)  spectrum  of  the  two  resonators.  One 
another  Advantage  of  such  a  system  is  to  enable 
easier  and  faster  calibrations,  just  changing  by  a 
small  amount  the  modulation  frequency  and  measu¬ 
ring  the  corresponding  DC  voltage  shift  at  the 
mixer  output. 

The  l/f  noise  of  a  pair  of  5  MHz  -  $th  over¬ 
tone  -  AT-cut  quartz  resonators  was  measured  at 
300K,  4-2K  and  IK.  The  difference  between  their 
resonance  frequencies  at  4-2K  was  equal  to  1  KHz. 
The  noise  levels  reduced  to  one  resonator  are  gi¬ 
ven  on  table  II. 


Temperature 

.300  °K  | 

4.2°K 

1 

1  °K 

Q- factor 

2.4xl06  j 

$xl06 

1 

1 

9xl06 

sS  ( 1Hz ) 

y 

i.6xi(T24  | 

1 

l.4xlO~25 

1 

1 

3.  $x!0~26 

Table  11 

l/f  frequenev  noise  levels 
as  a  function  of  temperature 


These  result,-,  confirm  the  dependance  of  l/f 
noise  versus  '/factor .  The  data  do  not  strictly 
follow  the  l/Q  law.  This,  will  be  commented  in  the 
ne»t  section. 
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Theoretical  approach 

The  lattice  anharmonicities,  due  to  the  non- 
1  inear  nature  of  the  interatomic  bonds  and  the 
corresponding  three-phonon  interaction  processes 
give  to  the  crystal  the  properties  of  thermal  ex¬ 
pansion  and  finite  thermal  conductivity  . 

Calculation  of  the  attenuation  can  be  made 
by  using  two  different  theoretical  methods.  In  the 
Landau-Rumer  theory  the  sound  wave  is  considered 
as  a  beam  of  phonons  which  are  scattered  by  colli¬ 
sions  with  thermal  phonons.  This  theory  does  not 
take  into  account  interactions  between  thermal 
phonons  and  is  valid  only  in  the  low  temperature 
range,  when  the  phonon  life  time  is  large  enough 
and  therefore  the  energy  and  momentum  well  defi¬ 
ned.  At  higher  temperatures  the  life  time  becomes 
shorter.  The  uncertainties  of  energy  and  momentum 
increase  and  the  selection  rules  arising  from  ener¬ 
gy  and  momentum  conservation  laws  break  dowg.  In 
this  case,  following  the  theory  of  Akhieser  the 
sound  wave  is  represented  macroscopically  in  the 
classical  form.  The  thermal  phonon  system  is  dis¬ 
turbed  from  equilibrium  by  the  sound  wave  strain, 
but  tends  to  return  to  equilibrium  because  of  the 
collisions.  The  phonons  are  localized  and  their 
mean  free  path  has  to  be  small  when  compared  to 
the  sound  wave  length. 

*0  «  S  T  (3) 

where  f!  is  the  angular  frequency  of  the  sound  wave 
and  T  the  absolute  temperature,  ti  and  kg  respecti¬ 
vely  are  the  Planck  and  Boltzmann  constants.  A 
detailed  description  of  the  method  can  be  found  in 
ref.  9.  Only  the  main  usefull  results  will  be  sum- 
merized  here. 


When  in  equilibrium  the  number  of  phonons  in 
mode  kj  is  given  by  the  BoseEinstein  distribution 

n(kj )  =  (exp  [f»o(kj )  /  kgT]-  1)  "*  (7) 

and  this  equilibrium  corresponds  to  T  =  n  =0. 
Therefore  06  aB 

Ta8  =CaBY<  V  +  7  J .  '“(kj  )-n(kj  )  * 

l"<kj)+i]hf^-  (8) 

kj  aB  Y« 


The  stress  equation  of  motion  in  a  material 
reference  system 

3*u„  3T  „ 

p  _ L  =  aB  (9) 

9t’  3a 

a 

and  the  linearized  strain-displacement  relation 
dii  3u 

naB  “  *  [7T  +  »T]  <»0> 

B  a 

have  plane  wave  solutions  with  wave  vector  k  and 
f  requency 

i(2nic.a-flt) 

UB  '  Uo  eB(KJ)  6  ^  ^  <"> 

i(2*K.a-0t) 

N(kj)  =  n(kj)  +  AN(kj)  e  (12) 


In  the  absence  of  phonons  the  solution  has 
the  simpler  form 

»  ,  i(2»K.a-fl  t) 

UB=Uoea(KJ)e  °  (13) 


The  thermal  energy  of  the  crystal  of  volume 
V  is  the  sum  of  the  discrete  energies  stored  in 
each  normal  mode  over  all  the  normal  modes  k  and 
branches  j  of  the  lattice 


The  correction  due  to  the  phonons  can  be 
calculated  by  using  a  perturbation  method.  This 
leads  to 


F  ,  n*(kj)  ♦  41*  «(kj)  (4) 

k.j 

N(kj)  is  the  number  of  phonons  with  frequency  w{kj) 
in  the  mode  kj . 

The  mechanical  potential  energy  due  to  the 
strains  induced  by  the  sound  wave  is 

E  j  s  C  .  n  .  ♦  1  C  .  n  .  fi  .  ♦  (5) 

sound  aB  aB  aB  Y^  aB  y$ 

C  „  and  C  „  ,  have  the  dimension  of  elastic  cons- 

tSftts.  061,6 

The  strain  derivative  of  the  total  energy 
gives  the  stress 


fl  -  no  e  (W)  kbks  I  (14) 

o  J  kj  aB  Y« 

o  kj  afl  o 


The  attenuation  a  is  given  by 


and  the  new  phase  velocity  of  the  sound  wave 


T  „  =  ( 9/an  )  (E. .  .  e  .) 
aB  aB  th  sound 


sq  is  the  umperturbed  phase  velocity. 
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These  quantities  are  completely  determined 
when  AN(kj)  is  known.  This  quantity  corresponds  to 
the  response  of  the  phonon  reservoir  to  the  sound 
wave.  This  response  is  evaluated  by  using  the 
Boltzmann  transport  equation 


Y<kj) 


e  (KJ)  K. 


(21  ) 


This  function  depends  on  the  involved  processes. 
The  average  <Ya>  is  given  by 


3N(kj) 

3t 


1  *u)(k.j )  3na8  3N(kj  ) 

2 *  3n  Q  3a  3k 
06  Y  Y 


(17) 


The  term  [  ^  ]  is  most  important 

3t  coll 

because  it  introduces  the  collisions  between  pho¬ 
nons.  Without  collisions  and  for  At  >>  1  (where  x 
is  the  mean  thermal  phonon  relaxation  time)  and 
fift  <<  kRT  the  Akhieser  theory  goes  back  to  the 
Landau-Rvuner  theory. 

The  mean  phonon  relaxation  time  t  is  defined 
by 

[Milli]  B  _  Njkjl-n(kjl  (l8) 

^  coll 


Thr«*e  different  types  of  collisions  must  be 
distinguished  : 

-  normal  processes  (N),  in  which  the  total 
energy  and  the  total  quas i -momentum  of  the  phonons 
are  conserved. 


<  Y 


I 

kj 


y! 

r 

kj 


n(k.j)  n(k,j»  1 ) 
n(kj)  [nlkjtl ) 


Cikli 


w! (kj  ) 


(22) 


Using  the  low  frequency  Young  modulus  E  =Ps!> 
the  quantity  4E=CT<ry,>,  and  the  relation  between  ° 
attenuation  and  Q- factor 


a 

o 


(23) 


and  between  velocity  and  frequency 
s-s  ft-ft 


one  obtains 


AE 


o 


n  t 

o 


o  1  +  ft2  T  2 


ft-ft 


_ o  AE  o 

ft  =  2E 


O  I  t  ft  2  T  2 


(24) 


(25) 


(26) 


-  umklapp  processes  (U),  in  which  only  the 
total  energy  is  conserved,  but  not  the  quasi - 
momentum. 


-  elastic  scattering  (E),  corresponding  to 
collisions  of  phonons  with  impurities,  defects* 
etc...  The  scattering  being  elastic,  the  frequency 
does  not  cliange  but  the  wave  vector  and  the  polari¬ 
zation  can  he  altered.  The  total  energy  is  conser¬ 
ved.  However-,  the  number  of  phonons  of  any  particu¬ 
lar  frequency  cannot  change. 


N  processes  alone  cannot  restore  equili¬ 
brium,  and  some  E  and  t.?  processes  are  necessary  to 
give  a  redistribution  of  the  quasi -momentum.  E 
processes  with  some  N  and  U  processes  can  also 
bring  the  phonon  distribution  back  to  equilibrium. 
Thus  the  attenuation  a  and  the  velocity  change 
s-s^  take  the  general  form 


CTV^f  ‘V 

2°So  '*no’J 


( 19) 


S-S 

o 


CT<y 


eff 


°o 


2  or, 


i*n» 


(20) 


C  is  the  specific  heat,  y  is  an  effective 
Griineisen  constant  which  is  a  function  of  the 
Griineisen  parameter 


A  fluctuation  <5t  of  the  relaxation  time- 
will  produce  a  frequence  fluctuation  6fi  of  the 
resonator  resonance  frequency  ft^ 


ft 2 1  ^ 
o 

Eo  ( 1  +  ft 2  x  2 ) 2  T 
o 


Introducing  the  power  spectral  density  S  (f) 
of  the  fractional  frequency  fluctuation  y=6ft/ft  , 
and  using  eq.  (25)  in  cq.  (27)  yields  ° 

S  (f)  —  f-^1  *  S  .  (f)  (28) 

y  y-  At  6t/t 

which  exhibits  the  I./Q^  law. 

Tt  is  now  to  be  assumed  that  i  is  fluctua¬ 
ting  with  a  1 /f  power  spectral  density.  This  is 
not  demonstrated  yet ,  but  is  in  accordance  with 
the  fluctuations  of  a  cross  section  which  follow  a 
1 / f  spectrum  as  demonstrated. in  the  quantum  1  f 
noise  theory  by  P.  Handel1 

A  rough  evaluation  of  the  Griineisen  constant 
Y  can  be  made  either  t»y  us^ng  the  relation  of  the 
thermal  expansion  constant  or  by  means  of  the 
third  yjder  elastic  constants  of  the  macroscopic 
theory  .  In  both  cases  it  is  found  that  for 
quartz  Y  is  of  the  order  of  10.  Therefore  (AE/E 
*  10  .  This  shows  from  the  phenomenological  eqV 
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(21.  that  for  high  quality  resonators  (Q  2x10  ) 
and  tor  Fourier  frequencies  equal  to  1  Hz,  <^gT/T 
(1Hz)  is  approximately  equal  to  10  T 

This  is  reasonable*  if  •■me  considers  that  It/t 

-W'O. 

The  previous  relations  were  established  with 
the  high  temperature  condition  At  \ .  It  can  be 
renttirkt*d  that  the  1  v  law  remains  true  also  for 
*lt>l.  Near  room  temperature,  attenuation  and  Q- 
f act  or*  are  i tide  pendant  of  temperature j  This  ap- 
pears  in  eq.  ( 24 1  where  T  and  T-d'  on  account 
of  the  temperature  dependance  of  thermal  conducti¬ 
vity. 

At  low  temperature  the  Landau-Rumer  method 
must  be  list'd.  Generally  the  theory  indicates  for 
the  attenuation  a  temperature  dependance  T  . 

This  is  roughly  what  is  observed  on  fig.  4  below 
the  phonon-phonon  relaxation  peak  temperature.  If 
one  considers  the  experimental  values  of  table  IT, 
the  measured  Q-f actors  do  not  follow  this  law. 
There  is  a  threshold,  which  is  attributed  to  the 
losses  coming  from  the  resonator  plating  and  moun¬ 
ting  and  which  are  temperature  independant.  Thus 
two  different  loss  phenomena  are  present  at  the 
same  time  at  low  enough  temperatures.  However  tem¬ 
perature  is  implicitely  still  included  in  eq.  (27)- 
For  instance  specific  heat  is  temperature  depen¬ 
dant  below  the  Debye  temperature.  These  two  facts 
can  explain  why  the  experimental  values  of  l/f 
noise  levels  given  in  tabLe  II  do  not  exactly  fol¬ 
low  the  1,/Q  law. 


Conclusion 

In  the  limit  of  its  accuracy,  the  phenomeno¬ 
logical  relation  between  l/f  frequency  noise  and 
Q- factor  can  be  used  to  predict  the  ultimate  stabi¬ 
lity  of  quartz  resonators  and  oscillators.  The 
theoretical  model  gives  confirmation  of  the  1/(2* 
dependance.  It  is  based  on  the  assumption  of  l/f 
fluctuations  of  the  relaxation  time.  This  is  to  be 
verified,  but  is  not  unrealistic  in  the  perspec¬ 
tive  of  the  quantum  l/f  noise  theory,  since  relaxa¬ 
tion  time  is  determined  by  the  cross  sections  of 
the  elementary  processes  involved  in  the  interac¬ 
tions  . 
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1.  SUMMARY 


Frequency  fluctuations  of  5-MHz  5th-overtone 
plano-convex,  AT-cut  and  IT-cut,  quartz  crystal  os¬ 
cillators,  held  in  a  temperature-stabilized  oven, 
were  measured  with  reference  to  a  Cs  oscillator  (HP 
5061A);  temperature  fluctuations  were  measured  si¬ 
multaneously  using  a  Pt  resistor. 

The  power  spectral  density  of  the  tempera¬ 
ture  fluctuation  was  proportional  to  l/f2  ,  where 
f  is  Fourier  frequency. 

The  power  spectral  density  of  the  frequency 
fluctuation  was  separated  into  three  parts;  one  be¬ 
ing  proportional  to  1/f2  ,  one  to  1/f  and  the  third 
being  frequency  independent.  The  1/f  part  and  the 
frequency  independent  part  were  in  quantitative 
agreement  with  the  power  spectral  density  estimated 
from  the  temperature  fluctuation. 

A  coherence  function  between  the  frequency  and 
temperature  fluctuations  was  calculated.  The  fre¬ 
quency  fluctuation  is  correlated  with  the  temper¬ 
ature  fluctuation  in  the  1/f2  and  frequency  inde¬ 
pendent  regions. 

However,  the  coherence  is  lower  in  the  range 
where  the  1/f  spectrum  is  observed.  The  observed 
1/f  fluctuation  is  larger  than  the  instrumentation 
noise,  and  hence  is  not  electric  noise  but  is  at¬ 
tributed  to  the  frequency  fluctuation  itself. 

2.  INTRODUCTION 

Quartz  crystal  oscillators  are  used  in  a  wide 
range  of  applications  because  of  their  small  size, 
power  consumption,  etc.  One  of  their  big  merits 
is  the  superiority  of  their  short  term  stability, 
but  for  long  term  stability  they  are  inferior  to 
other  high  stability  oscillators.  It  is  well  known 
that  the  long  term  stability  of  a  quartz  oscillator 
is  largely  degraded  by  temperature  fluctuations, 
but  the  exact  mechanism  is  not  yet  known. 

In  the  present  paper,  the  transfer  of  temper¬ 
ature  fluctuations  to  frequency  fluctuations  and 
the  correlation  between  the  frequency  and  temper¬ 
ature  fluctuations  are  studied.  The  quartz  oscil¬ 
lator  was  placed  in  a  precisely  temperature-sta >i- 
lized  oven  in  order  to  hold  its  ambient  temperature 
at  the  turn-over  point.  When  the  temperatu.  e  is 
varied  with  time,  the  oscillation  frequency  varies 
in  a  spiky  manner,  called  "thermal  shock"  (1-3). 
In  recent  years,  various  studies  on  this  phenomenum 
have  been  reported  (4-6),  and  it  has  been  proposed 
that  a  transfer  function  is  effev-tive  for  represent¬ 
ing  the  effect  on  the  oscillation  frequency  to  a 


small  temperature  variation.  (7) 

Little  research  has  been  reported  on  frequency 
fluctuations  in  quartz  oscillators.  I..  1963, 

Attkinson  et.  al .  reported  that  the  power  spectral 
density  was  proportional  to  1/f**4  (6),  where  f  is 
Fourier  frequency.  From  this,  it  seemed  that  the 
1/f  fluctuation  (9),  which  is  widely  observed  in 
semiconductors,  resistors,  etc.,  would  also  occur 
in  quartz.  In  1977,  Gegnepain  et.  al.  reported 
that  the  1/f  power  spectral  density  in  the  range 
higher  than  1  Hz  was  inversely  proportional  to  Q4, 
where  Q  is  the  Q-value  of  the  quartz  resonator.  (10) 

In  the  present  paper,  the  temperature  and  fre¬ 
quency  fluctuations  in  quartz  oscillators  were  si¬ 
multaneously  measured  from  10“2  Hz  to  10~6  Hz,  and 
it  was  shown  that  the  power  spectral  density  of  the 
frequency  fluctuation  can  able  to  separated  into 
three  parts;  one  being  proportional  to  1/f2,  one 
to  1/f  and  the  other  being  frequency  independent. 
The  1/f 2  portion  is  related  to  the  temperature  fluc¬ 
tuations  by  the  static  frequency-temperature  coeffi¬ 
cient  a  ,  and  the  frequency  independent  part  branch 
is  related  to  the  temperature  fluctuations  by  the 
dynamic  frequency-temperature  coefficient  0  ,  while 
the  residual  1/f  part  does  not  correlate  with  the 
temperature  fluctuations  at  all. 

3.  MEASUREMENT 
3-1  Measurement  System 

The  measurement  system  shown  in  Fig.l  was  de¬ 
veloped.  The  beat  period  method  was  used  to  mea¬ 
sure  the  frequency  fluctuation,  the  frequency  from 
the  oscillator  under  test  being  multiplied  with  a 
much  higher  stable  frequency  and  the  frequency  vari¬ 
ation  calculated  from  the  counted  period  variation. 
Because  the  quartz  oscillator  under  test  was  rela¬ 
tively  stable,  the  reference  oscillator  had  to  be 
very  highly  stable,  and  so  a  Cs  atomic  oscillator 
(HP  5061A)  was  used  for  the  reference. 

The  temperature  fluctuation  was  measured  with 
a  D.C.  resistance  bridge,  using  a  Pt  resistor  (seal¬ 
ed  in  glass,  4.5mm$x  26mm  length,  R(0°C)  =  100&). 
The  output  signal  after  the  D.C.  resistance  bridge 
and  the  first  stage  amplifier  was  small,  so  they 
were  placed  in  the  oven  with  the  oscillator  in 
order  to  reduce  thermo-electromotive  voltages  ,and 
reduce  changes  in  circuit  constants  and  amplifier 
offset  drift  due  to  temperature. 

The  noise  from  the  temperature  measurement 
system  was  dominated  by  the  1/f  noise  from  the 
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first  stage  amplifier  connected  to  the  Pt  bridge. 
This  noise  level  made  it  impossible  to  measure  tem¬ 
perature  fluctuations  of  frequencies  higher  than 
10~3  Hz  (see  Fig. 7).  THe  amplified  temperature  sig¬ 
nal  from  the  oven  was  amplified,  the  D.C.  offset 
was  removed,  and  it  was  passed  through  low  pass 
filter,  which  eliminated  aliasing  that  might  other¬ 
wise  occu '  in  the  subsequent  spectral  analysis. 
The  signal  .  as  then  converted  from  analogue  to  dig¬ 
ital  form  and  sampled  synchronously  with  the  beat- 
period  counter.  The  digital  data  was  punched  out 
on  paper  tape  by  a  punch  controlled  by  an  8080A— CPU 
and  was  later  analyzed  on  a  mini-computer. 

3-2  Method 

Three  quartz  crystal  units  were  prepared: 

1.  AT-cut  HC-6/U  T0=75.5°C  0-2.4  .  106 

diameter  of  blank:  1 4.2$ 

2.  AT-cut  TO- 3  T0-62°C  0=2.3  -  106 

diameter  of  blank:  16$ 

3.  IT-cut  TO- 3  T0=58.8°C  0=2.3 » 106 

diameter  of  blank:  16$ 

All  units  were  5-MHz  5th-overtone  plano-convex  type. 
The  analysis  was  carried  out  in  two  steps,  as  below: 

1)  Estimate  of  Transfer  Function 

The  temperature  of  the  oven  was  varied  high 
and  low  cyclically  with  a  sufficient  long  period 
and  an  amplitude  range  of  between  0.03  deg.  p-p  and 
0.1  deg.  p-p.  The  frequency  and  temperature  fluctu¬ 
ation  were  measured  simultaneously  and  the  transfer 
function  from  temperature  to  frequency  was  obtained. 
The  difference  between  high  and  low  temperature  was 
made  large  enough  that  the  signal  to  noise  ratio 
would  be  good,  and  reliable  estimates  were  obtained. 

2)  Estimate  of  Correlation 

Single  and  double  ovens  were  prepared,  the 
power  spectral  densities  of  the  temperature  fluctu¬ 
ations  of  which  are  shown  in  Fig. 7.  A  quartz  unit 
was  then  placed  in  the  oven,  the  temperature  of 
which  was  kept  at  various  fixed  values.  The  fre¬ 
quency  and  temperature  fluctuations  were  measured 
at  the  same  time,  the  cross  spectral  density  of  the 
two  obtained,  and  divided  by  the  roots  of  the  power 
spectral  densities  of  the  frequency  and  temperature 
f luctuation. 

4.  THERMAL  SHOCK 

When  the  ambient  temperature  variation  of  a 
quartz  oscillator  is  slow,  the  frequency  variation 
obeys  a  cubic  equation  (11).  However,  as  the  tem¬ 
perature  variation  gets  faster  the  frequency  varia¬ 
tion  becomes  spiky.  This  phenomenon  is  called 
themal  shock  (1-3). 

This  behaviour  has  previously  been  described 
by  Ballato  et.  al.  (12),  but  a  somewhat  different 
formulation  is  employed  in  the  present  paper: 


(4-1) 

AT  =  T(t)  -  T0 

where  a  is  the  static  frequency-temperature  coeffi¬ 
cient  and  B  is  the  dynamic  frequency-temperature 
coefficient . 


5.  RESULTS 

5-1  Estimate  of  Transfer  Function 

The  estimate  of  a  transfer  function  was  made 
in  order  to  see  how  the  frequency  variation  would 
be  influenced  by  the  temperature  variation,  as  stat¬ 
ed  in  section  3-2.  The  transfer  function  H(f)  is 
represented  by  the  form  below: 

H(f)  =  | H( f ) |  exp(-j$)  (5-1) 

where  the  absolute  value  H(f)  is  called  the  gain 
factor  and  the  argument  of  the  transfer  function 
is  called  the  phase  factor. 

Transfer  functions  are  shown  in  Figs.  2  and  3 

for  the  HC-6/U  quartz  crystal.  In  the  lower  re¬ 
gions  of  the  figures,  as  the  static  frequency-tem- 
perature  coefficient  a  approaches  zero,  the  gain 
factor  in  Fig.  2  approaches  a  straight  line  inclined 
at  45°  and  the  value  of  phase  factor  in  Fig.  3 
approaches  *  /2.  This  characteristic  curve  is  given 
from  differentiators.  In  the  frequency  range  higher 
than  10.  Hz,  the  gain  factor  is  lowered  and  the 
phase  factor  is  rotated,  so  there  is  a  delay  factor. 
The  sign  of  the  static  frequency-temperature  coeffi¬ 
cient  in  the  lower  range  makes  the  phase  converge 
to  *  or  0,  from  (-)  or  {  +  ),  respectively. 

These  observations  are  in  eq.  (5-2): 

H(f)  =  (  a  +  j2»f  8)  - f..1  +  32wf>  3.) - 

(l+j2irfi  x)(  1  +  j2.fT2) 

(  5-2  ) 

It  should  be  noted  that  the  term  (  a  +  j2«f  B  )  is 
equal  to  eq.  (4-2).  i  j  ,  i2*  t3»  are  the  delaytimes 
t  j  is  the  delay  time  from  the  ambient  temperature 
of  the  quartz  unit  to  the  temperature  of  the  quartz 
itself;  t2  is  the  delay  time  from  the  ambient  tem¬ 
perature  of  the  Pt  resistor  to  that  of  the  quartz 
unit;  and  t  3  is  the  delay  time  from  the  ambient  tem¬ 
perature  of  the  Pt  resistor  to  the  measured  temper¬ 
ature.  The  heat  flow  during  the  measurement  is 
shown  in  Fig.  4,  where 

Hx  ( f )  =  - - - 

1  +  j  2  .  f  t  j 

H2(f)  =  - - -  (5-3) 

1  +  j2 .ft. 


H3  (f)  =  - ± - 

1  +  J2  "fT3 

The  transfer  function  was  estimated  both  using 
and  not  using  a  copper  block,  in  which  the  quartz 
unit  and  a  Pt  resistor  are  placed.  The  difference 
between  the  trensfer  fundtions  of  the  IT-cut  and 
the  AT-cut  were  measured  using  the  two  T0-3  quartz 
crystals.  In  Figs.  5  and  6,  data  points  marked  A 
and  B  are  obtained  from  the  AT-cut,  and  those  marked 
C  and  D  are  from  the  IT-cut.  A  and  C  were  measured 
using  the  copper  block,  while  B  and  D  did  not  use 
it.  Since  the  copper  block  increases  the  thermal 
coupling  between  the  quartz  unit  and  the  Pt  resistor, 
it  reduces  the  value  of  *2,  08  is  clear  from  in  Figs. 
5  and  6. 
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Using  Figs.  3,  5,  and  6,  the  constants  in  eq . 
(5-2)  were  estimated,  and  are  shown  in  Table  1. 

It  is  thought  that  the  differences  in  ’  j  are  due 
to  the  differences  in  the  unit  type,  HC-6/U  or  TO-3. 
Differences  in  ij  influence  the  value  of  the  dynamic 
frequency-temperature  coefficient  B  * 

5-2  Power  Spectral  Density  of  Temperature  Fluctuation 
The  power  spectral  densities  of  the  tempera¬ 
ture  fluctuation  are  shown  in  Fig.  7,  and  are  pro¬ 
portional  to  1/f2  for  both  ovens.  In  the  power 
spectral  density  of  the  temperature  fluctuation  in 
the  single  oven  there  is  a  time  constant  below 
10  -3  Hz,  but  in  the  double  oven  this  cannot  be  seen 
above  the  noise.  Thus  in  both  ovens,  it  is  in  the 
frequency  range  below  10“3  Hz  where  it  is  possible 
to  measure  the  correlation  between  temperature  and 
frequency  fluctuations. 

The  temperature-controlling  feed-back  gain  of 
an  oven  is  always  in  some  measure  nonlinear,  but 
the  nonlinearity  is  here  not  important  in  the  tem¬ 
perature  range  of  the  present  measurements 
( 75. 5°C  -  58°C  =  17.5UC) . 

5-3  Power  Spectral  Density  of  Frequency  Fluctuation 
The  power  spectral  densities  of  the  frequency 
fluctuation  were  measured  using  the  copper  block, 
above . 

5-3-1  1/f  Frequency  Fluctuation 
The  power  spectral  densities  of  the  frequency 
fluctuation  of  two  quar' z  oscillators,  the  AT-cut 
and  IT-cut  TO-3  units,  were  measured  in  the  single 
oven,  and  are  shown  in  Fig.  8.  The  coherence  be¬ 
tween  the  frequency  and  temperature  fluctuation  are 
shown  in  Fig.  9.  The  dotted  lines  in  Fig.  8,  are 
calculated  from  eq.  (5-4): 

P4  F/  F  =  |H(f)l2  P4T  /  (5  MHz)2  (5-4) 

where  PAF/F  is  the  power  spectral  density  of  the 
frequency  fluctuation,  P£T  is  that  of  the  tempera¬ 
ture  fluctuation,  and  H(f)  is  the  estimated  transfer 
function  in  eq.(5-2).  The  calculation  uses  the  val¬ 
ues  of  ts  and  B  in  Table  1  and  values  of  =  0.025, 
a  j rj.  -  0.0015,  and  =  0,024. 

In  Fig.  8,  it  is  seen  that  the  measured  power 
spectral  density  of  the  frequency  fluctuation  of 
the  AT-cut  quart. z  unit  fits  the  calculated  curve 
well  and  is  proportional  to  1/f2  at  lower  frequen¬ 
cies.  Also  in  Fig.  8,  the  measured  power  spectral 
densities  of  the  frequency  fluctuation  of  IT-cut 
units  fit  calculated  curves  well,  above  10“^  Hz, 
but  when  the  a  is  small,  the  measured  curve  sepa¬ 
rates  from  the  calculated  cu^ve  at  a  slope  propor¬ 
tional  to  1/f  at  frequencies  lower  than  10~^  Hz. 

Thus,  for  the  power  spectral  densities  of  the  fre¬ 
quency  fluctuation  of  the  AT-cut  and  IT-cut  quartz 
units,  the  measured  curve  fits  the  calculated  one 
well  at  above  10"*^  Hz,  where  the  spectra  are  flat. 

In  Fig.  9,  it  is  seen  that  the  coherences  go 
sharply  down,  due  to  the  time  constant  of  the  Pt 
resistor  itself  and  noise,  above  10“^  Hz.  The  co¬ 
herence  obtained  with  the  AT-cut  unit  is  high,  while 
the  coherence  obtained  with  the  IT-cut  unit  in  the 
small  a  extends  to  lower  below  10“'^  Hz,  where  the 
measured  power  spectral  density  of  the  frequency 
fluctuation  is  proportional  to  1/f.  It  can  there¬ 
fore  be  assumed  that  the  1/f  frequency  fluctuation 
is  not  correlated  with  the  temperature  fluctuation. 


It  would  be  wrong  to  assume  that  the  coherence 
measured  with  an  AT-cut  unit  would  always  be  high 
or  that  measured  with  on  IT-cut  unit  would  fall, 
there  being  no  basic  difference  in  the  coherence 
measured  using  amy  cut.  In  the  present  results, 
the  static  frequency-temperature  coefficient  was 
accidentally  large  in  the  measurements  on  the  AT- 
cut  unit,  and  so  the  coherence  was  high. 

5-3-2  1/f  and  1/f2  Frequency  Fluctuation  with  tem¬ 
perature  Fluctuation 

The  frequency  fluctuation  of  the  IT-cut  unit 
in  a  double  oven  was  measured  near  the  turnover 
point  over  a  long  period,  about  two  months.  Fig. 
10  show^  the  power  spectral  densities  of  the  fre¬ 
quency  fluctuation.  The  dotted  line  in  Fig.  10  is 
calculated  from  eq .  (5-4),  with  °  j^=0.05.  Fig.  11 
shows  the  coherence.  The  measurement  was  carried 
out  with  temperature  kept  at  two  points,  one  at 
58°  C,  which  was  near  but  a  little  different  from 
the  turn-over  point,  and  the  other  at  62° C,  which 
was  considerably  different  from  the  turn-over  point. 

At  58°C,  1/f  frequency  fluctuation  is  observed 
over  a  wide  range,  from  10-3  Hz  to  5xl0~^Hz. 

At  62°  C,  the  static  frequency-temperature  co¬ 
efficient  has  a  larger  value, =0.16.  Therefore 
,  as  is  shown  by  the  upper  line  in  Fig.  10,  the  lev¬ 
el  of  the  1/f2  portion  goes  up,  and  its  range  gets 
wider,  and  the  range  the  1/f  portion  gets  narrower. 

The  coherence  inthe  range  the  1/f 2  region  is 
high,  and  that  in  the  1/f  region  is  low.  The  fre¬ 
quency  independent  region,  which  was  seen  in  Fig. 
8,  is  not  observed  in  Fig. 10.  This  is  explained 
by  the  frequency  independent  region  being  generated 
by  the  dynamic  frequency- temperature  coefficient 
6  .  The  level  to  be  measured  is  the  shoulder-like 
break  in  the  dotted  line,  which  is  here  below  the 
1/f  region  level. 

5-3-3  Summary  of  Section  5-3 

The  power  spectral  density  of  the  frequency 
fluctuation  is  divided  into  three  points: 

1.  A  1/f2  dependence  is  introduced  by  the  stat¬ 
ic  frequency  temperature  coefficient a  .  The  coher¬ 
ence  of  the  frequency  fluctuation  and  the  tempera¬ 
ture  fluctuation  in  this  range  is  high; 

2.  A  frequency  independent  region  is  introduced 
by  the  dynamic  frequency- temperature  coefficient  8  . 
The  coherence  in  this  range  is  high; 

3.  A  1/f  branch  is  not  introduced  in  the  calcu¬ 
lations,  as  stated  above.  The  coherence  of  the  fre¬ 
quency  fluctuation  and  the  temperature  fluctuation 
in  this  range  goes  down. 

The  1/f  frequency  fluctuation  appears  when  the  stat¬ 
ic  and  dynamic  frequency  -temperature  coefficients, 
a  and  8,  respectively,  are  lowered.  It  is  of  course 
,  necessary  to  reduce  the  level  of  the  temperature 
fluctuations  in  the  oven,  and  it  was  impossible  to 
observe  1/f  frequency  fluctuations  with  the  AT-cut 
unit  in  the  single  oven. 

Fig.  12  shows  the  present  results  compared  with 
other  power  spectral  densities  of  frequency  fluctua¬ 
tions  in  references  (8), (10)  and  (13).  The  1/f  fre¬ 
quency  fluctuation  due  to  Gagnepain  et.  al.(10)  is 
to  be  noted,  as  the  level  of  1/f  frequency  fluctua¬ 
tion  in  Fig.  12  of  the  present  measurements  fits 
an  extrapolation  this  curve  well.  It  can  thus  be 
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assumed  that  the  mechanism  of  l/f  frequency  fluctua¬ 
tion  generation  in  quartz  oscillators  is  common  to 
both. 

It  is  difficult  to  exclude  the  possibility  that 
l/f  frequency  fluctuation  is  correlated  with  the 
temperature  fluctuation ,  since  only  the  spatially 
averaged  temperature  fluctuation  was  measured,  and 
it  is  possible  that  l/f  frequency  fluctuation  may 
be  correlated  with  the  local  thermal  gradient  fluc¬ 
tuation.  However,  it  is  not  easy  to  measure  local 
thermal  gradient  fluctuations  in  the  quartz  itself 
without  disturbing  it  with  the  measurement. 

6.  CONCLUSIONS 

The  frequency  fluctuation  of  a  quartz  oscilla¬ 
tor  and  the  temperature  fluctuation  of  a  Pt  resistor, 
which  was  placed  near  the  quartz,  were  measured  si¬ 
multaneously,  the  measurement  system  being  designed 
paying  attention  to  makig  the  noise  from  it  as  small 
as  possible.  The  following  conclusions  are  obtained: 

1)  The  power  spectral  density  of  the  tempera¬ 
ture  f luctuationis  proportional  to  1/f^,  where 
f  means  Fourier  frequency; 

2)  The  power  *  ctral  density  of  the  frequency 
fluctuation  can  be  divided  into  three  parts; 
one  being  proportional  to  l/f^  ,  one  to  l/f, 
and  the  third  being  frequency  independent; 

3)  The  l/f*  part  is  related  to  the  static  fre¬ 
quency-temperature  coefficient  (X  ,  and  the  fre¬ 
quency  independent  to  the  dynamic  frequency- 
temperature  coefficient  ^  ; 

The  coherence  between  the  frequency  and  tem¬ 
perature  fluctuations  is  high  in  the  Fourier 
frequency  ranges  where  these  two  are  observed, 
while  the  coherence  is  low  in  the  ranges  where 
the  l/f  dependence  is  observed; 

4)  The  level  of  the  l/f  dependence  depends  on 
neither  the  working  temperature  nor  the  temper¬ 
ature  fluctuation,  but  its  observability  depends 
on  the  magnitudes  of  the  l/f  and  frequency  in¬ 
dependent  levels. 
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Fig.  5  Gain  factor  of  transfer  function 
as  a  function  of  Fourier  frequency 
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fig.  6  Phase  factor  of  transfer  function 
as  a  function  of  Fourier  frequency 
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Table  1  Constants  of  transfer  function: 

(A)  -  using  a  copper  block; 

(B)  -  not  using  a  copper  block. 


Fig.  7  Power  spectral  densities  of  tem¬ 
perature  fluctuation  as  a  function  of 
Fourier  frequency 
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Fig.  8  Power  spectral  densities  of  fre¬ 
quency  fluctuation  as  a  function  of 
Fourier  frequency,  in  the  single  oven. 
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Fig.  10  Power  spectral  densities  of  fre¬ 
quency  fluctuation  as  a  function  of 
Fourier  frequency,  in  the  double  oven. 
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Fig.  9  Coherence  as  a  function  of 
Fourier  frequency,  in  the  single  oven. 
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Fig.  11  Coherence  as  a  function  of 
Fourier  frequency,  in  the  double  oven. 
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Fi«-  12  Power  spectral  densities  of  fre- 
quency  fluctuation  of  various  oscillators 
as  a  function  of  Fourier  frequency. 
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Suawary 

Frequency  retrace  measurements  are  reported 
on  oven  controlled  quartz  oscillators  utilizing  AT 
and  SC  cut  plated  and  BVA  resonators.  Prior  to 
full  aging,  the  retrace  error  Is  added  to  the 
aging  effect.  Hith  well-aged  resonators,  after 
one  or  several  on-off  cycles,  the  frequency  settles 
at  a  new  level  characteristic  for  Intermittent 
operation.  Severe  frequency  shifts  have  sometimes 
been  found  after  the  the  first  restart  following 
prolonged  continuous  operation.  SC  cut  resonators 
appear  to  show  distinctly  smaller  retrace  errors 
than  AT  cut. 


Key  Words 

Crystal  oscillators,  quartz,  resonators,  frequency 
retrace,  AT  cut,  SC  cut,  BVA  resonators 


INTRODUCTION 


Quartz  oscillators  deployed  In  certain  tacti¬ 
cal  situations  undergo  repeated  shutdown-restart 
cycling  between  missions  which  may  last  from  seve¬ 
ral  hours  to  a  few  days.  For  this  type  of  appli¬ 
cation  the  frequency  retrace  characterl sties  of 
the  oscillator  are  of  high  Interest.  With  the  ap¬ 
pearance  of  the  SC  cut  resonators  frequency  retra¬ 
ce  may  show  marked  Improvement.  For  Instance, 

H.  Jacksonl  was  able  to  achieve  reduced  retrace 
error  ranging  from  2xl0*9  to  5xlO'10  with  SC  cut 
resonators  of  ceramic  flatpack  design,  Besson  and 
Peler’  reported  that  their  new  mounting  structure 
of  BVA  crystrals  led  to  retrace  Improvement  ex¬ 
ceeding  an  order  of  magnitude,  showing  retrace  er¬ 
ror  values  of  2  or  3xl0-10.  Similar  results  were 
presented  by  Besson,  Graf  and  Enwons.^ 

These  findings  have  prompted  us  to  subject 
oscillators  utilizing  BVA  and  plated  crystals  of 


both  SC  and  AT  cut  to  a  sequence  of  controlled 
power  Interruptions  and  measure  the  resulting 
frequency  response.  The  objective  of  this  exer¬ 
cise  Is  to  examine  the  frequency  retrace,  collect 
data  on  currently  available  oscillator  and  resona¬ 
tor  types  and  find  the  relationship  between  re¬ 
trace  and  other  parameters  such  as  length  of  In¬ 
terruption,  resonator  aging,  time  after  restart 
and  the  warm-up  characteristics  of  the  crystal 
oven.  The  results  presented  here  are  preliminary, 
limited  by  the  number  of  sample  crystals  and  os¬ 
cillators  studied  so  far.  The  data  will  be  evalu¬ 
ated  to  Identify  problems  and  opportunities  with 
respect  to  Intermittent  oscillator  operation. 


EXPERIMENTAL  PROCEDURE 


Oven  controlled  5  MHz  quartz  oscillators  vere 
subjected  to  sequences  of  4  to  15  repeated  power 
Interruptions  lasting  typically  1,  2,  or  3  days 
and  occasionally  4  or  6  hours.  After  each  restart 
the  oscillator  frequency  was  measured  continuously 
by  mixing  the  test  signal  with  a  constant  referen¬ 
ce  frequency  and  feeding  the  beat  frequency,  ap¬ 
proximately  1  kHz,  to  a  Hewlett-Packard  (H>)  model 
5345  counter.  Both  reference  and  counter  were 
phase-locked  to  a  cesium  standard.  The  automatic 
measurements  were  controlled  by  an  W*  9825  desktop 
computer  and  recorded  on  magnetic  tape.  Sampling 
times  of  the  frequency  measurements  ranged  from 
7-14  sec  for  3  hour,  to  150-300  sec  for  3  day  runs. 

The  data  reported  here  were  collected  on  3 
SC  and  1  AT  cut  BVA  resonators,  and  on  plated  re¬ 
sonators  from  Frequency  Electronics,  Inc.  (FE1), 
as  well  as  on  3  Austron  oscillators.  These  sam¬ 
ples  are  designated  here  as  follows:  BVA1  through 
BVA3  are  the  three  SC  cut  and  BVA7  the  one  AT  cut 
BVA  type  resonators  placed  In  oscillators  from 
Frequency  S  Time  Systems,  Inc.  (FTS).  The  FEI 
resonators,  located  In  FEI  oscillators  are  labeled 
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Figure  1.  Frequency  history  of  resonator  BVA1.  A:  Uninterrupted  aging  for  32  days.  B,C:  Intermittent 
operation  (on:  shaded,  off:  open)  for  80  days  with  8  sequential  restarts  R1  through  R8.  Fractional  frequen¬ 
cy  change  AF/F  =  0  Is  based  on  the  frequency  measured  3  h  15  in  after  turn-on  (B  and  C  only,  A  Is  displa¬ 
ced  for  clarity).  Line  breaks  during  on-time  Indicate  operation  without  data  collection. 


FI  through  F5  for  AT,  and  FS1  through  FS4  for  SC 
cut.  Al,  A 2  and  A3  are  the  symbols  used  for  the 
Austron  oscillators.  The  AT  cut  crystals  were 
5th  and  the  SC  3rd  overtone  resonators. 


RESULTS  AND  DISCUSSION 


The  fractional  frequency  offset  for  sample 
resonator  BVA1,  an  SC  cut.  Is  shown  as  a  function  of 
time  In  Fig.  1  for  continuous  as  well  as  Intermit¬ 
tent  operation.  The  continuous  aging  history  of 
curve  A  was  followed  by  6  months  of  undocumented 
Intermittent  activity  before  the  retrace  experi¬ 
ments  shown  in  curves  B  and  C.  Curve  B  shows  the 
behavior  after  restarts  R1  through  R6.  The 
on-off  cycling  was  started  after  7  days  of  contin¬ 
uous  operation.  The  retrace  curves  appear  to 
follow  an  overall  trend  similar  to  that  of  the 


continuous  aging  curve  A.  When  the  unit  was  fully 
aged,  as  after  63  days  and  then  cycled  off  and  on, 
as  In  curve  C,  the  retrace  Is  offset  by  -2xl0*9 
but  thereafter  behaves  again  like  a  fully  aged 
unit. 

A  superposition  of  the  retrace  curves  for 
the  first  three  hours  of  operation  after  restarts 
R1  through  R6  Is  shown  In  Fig.  2.  Characteristic 
behavior  Involves  a  moderately  small  end-of-warmup 
positive  frequency  overshoot  characteristic  for  SC 
cut  resonators.  The  unit  then  settles  down  to  a 
fairly  constant  frequency.  We  note  that  tests  R1 
to  R6  all  lie  within  a  fractional  frequency  devia¬ 
tion  bandwidth  of  2xl0*9  after  1  hour  of  operation. 
Figure  3  gives  extended  time  performance  for  the 
same  experiments.  Retrace  runs  R1  through  R5  lie 
within  an  bandwidth  of  less  than  lxlO'9  for 
the  2  day  period  shown.  The  larger  offset  and 
upward  trend  of  R6  can  be  attributed  to  the  on¬ 
going  aging  as  shown  also  In  Fig.  1  B.  Retrace 


Figure  2.  Superimposed  short-term  retraces  after  restarts  R1  through  R6  of  resonator  BVA1.  AF/F  =  0 
as  in  Fig.  1.  Dotted  line  PRE-R1  is  the  AF/F  level  before  the  first  interruption. 


Figure  3.  Superimposed  1  to  3  day  retraces  after  restarts  R1  through  R8  of  resonator  BVA1.  Af/F  =  0 
as  in  Fig.  1.  Aging  and  stabilization  curves  DAY  1-4  and  DAY  4-7  show  the  history  prior  to  Rl.  R2,4  and 
R5,8  curves  are  too  close  to  show  separately.  R3  lies  between  the  Rl  and  R2,4  curves.  R7  omitted  because 
of  Insawplete  data.  Dashed  line  PRE-R8  is  the  Af/F  level  prior  to  interruption  8  (see  Fig.  1  C). 


494 


Figure  4.  Superimposed  retraces  from  a  second  series  of  restarts  Rl  to  R6  of  resonator  BVA1.  Day  0  of  the 
Inset  Is  70  days  after  completion  of  the  measurements  shown  in  Fig.  1.  Af/F  =  0  was  reset  manually 
for  this  series. 


between  successive  restarts  Is,  In  this  series, 
2x10-10  or  |ess  few  exceptions,  in  agree¬ 
ment  with  refs.  2  and  3. 

Oata  for  a  second  series  of  restarts  with 
BVA1  Is  shown  In  Fig.  4.  There  were  about  100 
days  of  continuous  operation  between  R8  of  the 
first  and  Rl  of  the  second  series.  The  crystal 
can  be  considered  well  aged  at  this  time.  The  6 
superimposed  retrace  curves  are  shown  In  the  main 
figure.  For  moderate  time  Intervals,  up  to  3  days 
and  beyond,  the  curves  are  virtually  flat  and  lie 
within  a  bandwlth  of  1x10-9.  Retrace  during  the 
first  few  hours,  not  shown  here,  Is  similar  to  the 
non-aged  case  (Fig.  2).  Comparison  of  Figures  3 
and  4  does  Indicate  that  the  aging  trends  visible 
In  series  1  retraces  are  practically  removed  by 
the  extended  aging  prior  to  series  2. 

Both  series  exhibit  a  drop  in  frequency 
when  the  restart  was  the  first  one  after  pro¬ 


tracted  operating  periods  (Fig.  1  C  and  ■the  inset 
of  Fig.  4).  The  drop  was  17x10*9  in  the  latter 
and  2x10-9  in  the  former  case.  Additional  measure¬ 
ments  are  required  to  establish  whether  or  not 
such  relatively  large  changes  are  usually  Induced 
by  the  first  restart  after  extended  continuous 
oscillation. 

Data  for  a  second  SC  cut  BVA  resonator  Is 
shown  in  Fig.  5.  The  restart  curves  of  this  non¬ 
aged  unit  differ  from  those  of  BVA1,  given  in  Fig. 
3.  The  recovery  characteristic  is  seen  to  extend 
over  a  range  exceeding  1x10-®  with  equilibration 
times  In  the  order  of  a  few  days.  The  differences 
between  curves  Rl  through  R4  reflect  the  aging 
shown  In  the  Inset. 

Figures  6,7  and  8  show  data  obtained  on 
BVA 7 ,  an  AT  cut  crystal.  At  the  end  of  the  oven 
warmup,  after  less  than  1  hour  of  operation,  the 
unit  exhibits  as  shown  In  Fig. 6,  the  deep  frequency 
minimum  characteristic  for  AT  cut  resonators. 
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Figure  5.  Superimposed  retraces  after  restarts  R1 
to  R4  of  resonator  BVA3.  AF/F=0  is  based  on  the 
frequency  measured  1.5  days  after  turn-on. 


0  I  ?  i  HOURS 


Figure  6.  Frequency  minimum  at  end  of  crystal 
oven  warmup,  resonator  BVA7,  after  restart  R4. 
AF/F=0  is  based  on  the  frequency  measured  1  day 
after  the  first  turn-on. 


This  minimum  is  attributed  to  the  large  difference 
between  dynamic  and  static  frequency-temperature 
curves.  A  superposition  of  4  retrace  curves  is 
shown  in  Fig.  7.  With  this  resonator,  the  large 
minimum  is  followed  by  a  relatively  shallow  maximum 
about  2  hours  after  restart.  From  one  restart  to 
the  next,  these  maxima  differ  by  several  parts  in 
109  and  follow  an  aging  curve.  Moderate  and 
long-term  results  are  given  in  Fig.  8.  In  the 
major  part  of  the  figure,  the  retrace  is  seen  to 
steady  down  in  about  12  hours  with  all  five  re¬ 
starts  falling  into  a  bandwidth  of  approximately 
5xl0-9.  The  inset  shows  a  gradual  frequency 
rise  which  is  characteristic  of  an  aging  curve. 

An  interesting  facet  of  these  data  is  that  the 
rising  aging  trend  is  in  all  cases  begun  by  a 
descent,  indicating  that  the  retrace  data  of  this 
unit  sit  on  top  of  the  aging  curve. 

The  positive  overshoot  before  settling 


Figure  7.  Superimposed  short-term  retraces  after 
restarts  R4  to  R8  of  resonator  BVA7,  The  vertical 
line  47  min  after  restart  shows  the  frequency  drop 
into  the  end-of -warmup  minimum.  Af/F=0  as  in 
Fig.  6.  No  data  were  taken  until  3  hours  after  R7. 


down  can  be  attributed  to  several  possibilities; 
among  them  are  the  temperature  lag  between  crystal 
and  oven,  the  precision  with  which  the  oven  is  set 
to  the  turnover  temperature  of  the  crystal  and  the 
Interplay  of  these  factors  with  the  dynamic  and 
static  frequency-temperature  characteristics. 

In  the  remaining  portion  of  this  section,  a 
comparison  of  retrace  characteristics  between  BVA 
and  plated  AT  and  SC  cut  resonators  will  be  presen¬ 
ted.  Figures  9  and  10  show  the  variety  of  retrace 
curve  shapes  and  Fig.  11  compares  retrace  error 
data  between  successive  restarts. 

Figure  9  shows  curves  selected  from  AT  and 
SC  cut  resonator  short-term  retrace  measurements. 
They  are  displaced  vertically  to  show  the  variety 
of  slopes  found.  The  fast  warmup  combined  with 
flat  retrace  shown  by  oscillator  A1  (AT  cut)  and 
resonator  BVA1  (SC  cut)  is  very  desirable.  With  1 
to  3  day  intermittent  operation,  shown  in  Fig.  10, 
the  short-term  slopes  pose  no  severe  difficulties 
and,  e.g.,  A2  might  be  preferred  over  A1  which 
shows  diurnal  fluctuations.  In  this  time  regime, 
well  aged  crystals  tending  to  show  flat  retrace 
curves  such  as  BVA1,  FS1  and  FS3  are  clearly  pre¬ 
ferred. 

The  actual  retrace  error  between  restarts 
is  not  always  easy  to  determine.  For  our  purposes 
we  decided  to  base  it  on  measurements  taken  1  to 
3  days  after  restart.  If  the  two  successive  retra¬ 
ce  curves  were  not  parallel  we  averaged  the 
fractional  frequency  differences.  First  retraces 
after  prolonged  continuous  operation  were  excluded 
from  the  '.omparison,  because  they  showed  larger 
frequency  changes  which  should  be  analyzed  separa¬ 
tely.  Finally,  the  long-term  aging  component  was 
subtracted  from  the  measured  differences.  After 
this  conditioning  the  scattered  points  shown  in 
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Figure  8.  Superimposed  1  to  3  day  retraces  after  restarts  R4  to  R8  of  resonator  BVA7.  AF/F=0  as  in 
Fig.  6.  Note  opposing  trends  in  long-term  aging  and  retraces  shown  in  the  inset. 


this  conditioning  the  scattered  points  shown  in 
Fig  11  were  obtained.  We  note  that  the  AT  cut 
data  show  substantially  larger  dispersion  than 
those  for  SC  cut,  presumably  related  to  the  in¬ 
herent  reduced  stress  sensitivity  of  the  latter. 
Also  the  AT  cut  does  not  show  any  noticeable 
difference  in  distribution  as  a  function  of  inter¬ 
ruption  time.  The  SC  cut  resonators  do  exhibit  a 
slight  downward  trend  which  appears  to  vary  direct¬ 
ly  with  length  of  turn-off.  Within  each  cut  cate¬ 
gory,  no  significant  retrace  error  differences 
were  found  between  BVA  and  plated  resonators  and 
between  oscillators  of  different  manufacturers. 


CONCLUSIONS 

Frequency  retrace  measurements  on  a  limi¬ 
ted  number  of  quartz  oscillators  utilizing  BVA 


and  plated  resonators  have  been  reported.  If 
the  resonator  is  in  its  aging  phase  the  retrace 
error  is  added  to  the  aging  drift,  whereas  with 
well  aged  resonators  the  frequency  seeks  a  new 
level  characteristic  for  intermittent  operation. 
The  new  level  may  occur  after  the  first 
interruption  following  prolonged  continued 
operation  with  some  crystals  but  may  establish 
itself  only  after  several  on-off  cycles  with 
others.  Large,  interruption-induced  frequency 
shifts  have  been  observed  occasionally. 

In  general,  retrace  errors  show  distinctly 
less  spread  with  SC  cut  than  with  AT  cut 
resonators.  Comparison  of  the  retrace  curve 
slopes  shows  the  need  for  careful  selection  of 
crystals,  oscillators  and  ovens.  Retrace  as 
close  as  a  few  parts  in  1010,  although 
definitely  feasible,  cannot  yet  be  reliably 
obtained  on  a  production  basis. 
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Figure  9.  Short-term  retrace  curves  found  with  AT  and  SC  cut  resonators.  All  curves  are  displaced  verti¬ 
cally  to  show  the  variety  of  slopes  encountered.  With  AT  cut  resonators,  the  endof  warmup  minima  have 
been  omitted  for  clarity. 
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ABSTRACT 


In  1968,  proceedings  were  initiated  by  the 
Federal  Communications  Commission  (FCC)  with 
the  goal  of  making  more  frequency  spectrum 
available  for  Mobile  Communications  use.  As 
a  result  of  this  study  on  FCC  Docket  18262, 
UHF-TV  channels  70-83  covering  the  frequency 
range  of  806  to  890  MHz  were  converted  for  use 
as  Land  Mobile  Communications  Channels.  Cur¬ 
rently  30  MHz  of  spectrum  is  available  for 
conventional  and  trunked  Mobile  Radio  use  and 
40  MHz  has  been  allotted  for  Mobile  Radio  Tele¬ 
phone  Systems.  The  Radio  Telephone  band  is 
restricted  for  use  in  a  "cellular"  system  which 
allows  for  reuse  of  frequencies,  thus  maxi¬ 
mizing  the  number  of  users  in  a  given  area. 

Two  experimental  systems  are  now  in  operation 
in  Chicago  and  the  Wash ington-Bal timer e  area. 
Other  segments  of  the  band  are  being  held  in 
reserve  for  future  use.  Currently  the  FCC  is 
Considering  the  allocation  of  a  frequency  band 
at  929-932  MHz  for  wide  area  paging  operations. 

The  authorization  for  use  of  these  frequency 
bands  has  created  new  business  opportunities 
for  the  radio  manufacturers  and  new  challenges 
for  the  design  engineer.  This  equipment  re¬ 
quires  a  2  to  1  improvement  in  f requency-tem- 
perature  stability  and  tighter  tolerance 
selectivity  as  compared  to  current  450  MHz 
radios. 

This  paper  describes  the  requirements  of  this 
new  frequency  band,  the  type  of  equipment  which 
is  being  supplied,  and  how  it  affects  Frequency 
Control  Technology. 


INTRODUCTION 

Since  its  Inception  in  the  early  1930’s,  the  use 
of  mobile  two-way  radio  equipment  has  steadily 
Increased.  Today  there  are  over  6.1  million 
transmitters  licensed  for  land  mobile  use  in  the 
United  States  alone.  As  available  spectrum  is 
used  up,  particularly  in  the  large  cities,  in¬ 
creasing  pressure  has  been  exerted  on  the  FCC 
to  authorize  use  of  new  frequency  bands.  In 
response  to  these  needs,  a  study  was  initiated 
by  the  FCC  in  1962  to  review  the  allocation  of 


of  frequency  spectrum  in  the  806  to  947  MHz  band. 
This  study  on  FCC  Docket  18262  resulted  in  the 
conversion  of  UHF-TV  channels  70-83,  covering 
the  frequency  range  of  806-890  MHz,  for  use  as 
land  mobile  communication  channels.  In  this 
new  band,  30  MHz  of  spectrum  was  made  available 
for  conventional  and  trunked  land  mobile  radio 
use  and  40  MHz  for  land  mobile  telephone  systems. 

In  addition,  the  FCC  is  considering  the  alloca¬ 
tion  of  channels  at  929-932  MHz  for  use  In  wide- 
area  paging  operations. 

Recent  developments  in  high  frequency  synthesizers 
and  RF  power  devices  as  well  as  tighter  tolerance 
frequency  sources  have  made  it  possible  to  build 
reliable,  efficient  radios  in  this  frequency  band 
at  a  reasonable  cost. 

To  achieve  maximum  utilization  of  this  new  fre¬ 
quency  band,  two  new  system  concepts  are  autho¬ 
rized.  The  ’’trunked"  system  will  allow  many  users 
to  share  up  to  20  channels  and  will  require  a 
radio  which  will  automatically  switch  to  an  open 
channel.  The  radio  telephones  will  use  a  "cel¬ 
lular"  system  which  allows  for  reuse  of  fre¬ 
quencies  In  a  given  area. 

For  the  conventional  and  trunked  systems,  channel 
spacing  is  the  same  as  in  the  450  MHz  band.  Thus, 
for  comparable  operation,  frequency  tolerances  are 
essentially  cut  in  half.  In  the  transmitter, 
the  frequency  tolerance  is  established  by  FCC 
rules.  Other  problems  due  to  oscillator  sideband 
noise  are  created  because  of  the  higher  operating 
frequency.  In  the  receiver,  stability  of  the 
IF  filters,  in  addition  to  the  local  oscillator, 
must  be  considered  to  insure  proper  operation 
under  all  conditions.  The  selectivity  of  the 
receiver  is  also  affected  by  the  sideband  noise 
of  the  local  oscillator.  A  description  of  these 
factors,  how  they  affect  overall  radio  perfor¬ 
mance,  and  methods  of  measurement  will  be  included 
in  this  paper. 

HISTORY2 

The  early  development  of  mobile  radio  was  spear¬ 
headed  by  various  police  departments  who  obviously 
would  benefit  by  Instant  communications  with  moving 


vehicles.  The  first  successful  use  of  mobile 
receivers  '  attributed  to  the  Detroit  Police  De¬ 
partment  in  1928.  Operating  on  94  Meters,  re¬ 
ceivers  were  built  which  could  withstand  the  rigors 
of  the  automobile  environment.  In  1933,  two-way 
radios  were  successfully  placed  in  operation  by 
the  Bayonne,  NJ  Police  Department.  This  equip¬ 
ment  operated  at  33.1  MHz  without  crystal  control. 

On  October  13,  1937,  FCC  order  019  was  issued  allo¬ 
cating  29  channels  for  police  department  use  in 
the  frequency  range  of  30.58  to  39.9  MHz.  By 
this  time,  the  use  of  crystal  control  was  gener¬ 
ally  accepted  and  In  1938,  the  FCC  established 
a  frequency  tolerance  of  +  .05%  for  all  trans¬ 
mitters  operating  above  30  MHz.  In  1940,  the 
state  of  Connecticut  established  a  state  wide 
system  for  the  State  Police  Department.  This 
system  was  the  first  to  be  converted  from  AM  to 
FM  to  take  advantage  of  FM's  superior  rejection  of 
AM  type  interference  from  ignition  noise  and 
flutter  in  a  moving  vehicle.  This  system  was  the 
forerunner  of  today's  land  mobile  radio  Industry. 

In  1940  with  only  a  few  thousand  transmitters  in 
use,  interference  was  minimal.  However,  since 
that  time  efforts  have  been  concentrated  on 
more  efficient  spectrum  utilization  as  user  demand 
increased.  This  has  resulted  in  the  opening  of 
higher  frequency  bands  and  the  splitting  of  chan¬ 
nel  spaces  as  the  development  of  new  technology 
made  the  needed  equipment  practical.  For  example, 
the  150  MHz  band  was  originally  established  for 
120  KHz  channel  spacing.  This  was  then  split  to 
60  KHz  and  again  to  30  KHz.  The  need  for  more 
channels  was  met  in  some  of  our  major  cities  by 
converting  UHF-TV  channels  14  thru  20  in  the 
470  to  512  MHz  band  for  limited  use.  The  dra¬ 
matic  increase  in  the  use  of  mobile  radio  Is  illus¬ 
trated  by  the  number  of  licensed  transmitters 


auinorized  over  the 

past  30  years. 

Year 

Transmitters 

1950 

180.000 

1960 

1,300.000 

1970 

3,500.000 

1980 

6, 100,000 

As  a  result  of  the  latest  FCC  proceedings,  addi¬ 
tional  spectrum  is  now  available  in  the  806-947 
MHz  band.  By  providing  for  use  of  the  latest  com¬ 
puter  technology,  even  more  efficient  spectrum 
utilization  is  achieved  through  trunking  and  the 
cellular  radio  telephone  system. 

NEW  800  MHZ  SYSTEMS 

The  recent  actions  of  the  FCC  as  a  result  of  the 
study  on  FCC  Docket  18262  now  provide  an  addi¬ 
tional  70  MHz  of  frequency  spectrum  for  land  mobile 
radio  use.  The  allocation  of  these  frequencies 
is  shown  in  Figure  I.  Interspersed  in  the  806 
to  947  MHz  band  are  several  reserve  bands  which 


will  be  considered  for  allocation  in  the  future. 

The  systems  which  are  now  authorized  are  described 
here. 

Conventional  Dispatch  System 

The  operation  of  the  new  800  MHz  radios  in  the 
conventional  dispatch  system  is  identical  to  that 
used  in  the  lower  frequency  bands.  Radios  are 
supplied  with  from  1  to  4  channels  depending  on 
the  needs  of  the  user.  The  radio  operator 
manually  selects  the  channel  to  be  used  and  must 
monitor  the  selected  channel  before  transmitting. 
The  mobile  unit  typically  has  plug-ln  crystal 
oscillators  for  each  operating  channel  and  has  a 
nominal  power  output  of  35  watts  with  a  working 
range  of  about  15  miles  radius  from  the  base 
station.  For  wider  area  coverage,  repeaters  are 
used.  Hand  held  radios  are  also  in  use  with 
typical  power  outputs  of  1.5  watts. 

Trunked  Dispatch  Systems^ 

The  technique  of  trunking  has  been  used  for  many 
years  in  the  telephone  system.  Now  with  the  ad¬ 
vances  made  In  microprocessors,  large  scale  Inte¬ 
gration  (LSI),  and  digital  technology,  it  has 
become  practical  to  apply  the  technique  to  lam* 
mobile  coanun lea t Ions  systems.  Simply  stated, 
trunking  is  the  automatic  sharing  of  a  small  num¬ 
ber  of  channels  among  a  relatively  large  number 
of  users.  Channel  assignments  are  automat  leal ly 
assigned  by  a  control  computer  which  can  equalize 
the  radio  traffic  over  all  the  channels  and 
therefore  accommodate  more  users  per  channel.  This 
also  simplifies  operation  for  the  use:  because 
of  shorter  access  time  and  no  need  to  monitor 
before  transmitting.  The  mobile  unit  is  a  multi¬ 
channel  radio  (5  to  20)  that  utilizes  a  digital 
frequency  synthesizer  and  has  a  nominal  power 
output  of  35  watts.  The  repeaters  are  also  multi¬ 
channel  with  a  nominal  125  watt  power  output. 
Digital  signalling  is  used  for  control  commands 
in  the  system. 

Cellular  Mobile  Telephone  Systems^ 

In  a  cellular  system,  the  coverage  area  is  divided 
into  cells.  Each  cell  is  assigned  a  number  of 
channels  to  be  used  by  mobiles  within  the  cell. 

All  cells  are  under  the  control  of  a  master  com¬ 
puter  that  assigns  channels,  power  outputs,  and 
automatic  transfers  as  a  mobile  passes  from  one 
cell  to  another.  Because  of  the  controlled  oper¬ 
ations,  channel  frequencies  can  be  re-used  in 
non-ad Jacent  cells.  System  expansion  can  be 
accomplished  by  splitting  a  cell  into  several 
smaller  cells  to  allow  Increased  user  density.  A 
cellular  system  mobile  unit  uses  a  digital 
frequency  synthesizer  to  provide  operation  on  666 
channels.  Power  output  is  3  -  5  watts  although 
some  systems  are  being  designed  to  accommodate  1 
watt  portable  units.  The  signalling  system  is 
ro»on  for  all  systems,  so  that  a  user  can  roam 
to  any  area  In  the  United  States  and  stil  obtain 
service.  Each  cell  site  has  multiple  receivers 
and  transmitters  and  is  connected  by  land  lines 
to  the  computer  master  switch  that  controls  all 
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cells.  The  nominal  power  of  a  cell  transmitter  is 
25  watts.  Average  cell  sizes  varv  from  3  to  8 
miles  in  radius. 


FREQUENCY  CONTROL  ASPECTS 

Transmitter  frequency  tolerances  as  established  by 
the  FCC  are  shown  in  Table  1  for  all  currently 
authorized  Land  Mobile  Radio  use.  These  tolerances 
must  be  held  under  all  operating  condi lions.  The 
rated  system  deviation  and  channel  spacing  are  also 
specified  by  the  PCC.  These  are  shown  in  Table  2 
tor  the  narrow  band  PM  systems  now  used  throughout 
the  country.  For  conventional  syswms,  KM  deve- 
ation  is  now  standardized  at  +5  KHz  on  all  bands 
but  the  channel  ypacings  are  a  result  of  channel 
splitting  from  when  the  hands  were  originally 
opened.  The  historical  Impact  tin  technology 
can  he  observed  from  Table  !.  As  each  new  band 
was  opened  at  a  higher  frequency,  tighter  fre¬ 
quency  tolerances  were  needed.  Without  con¬ 
tinued  improvements  in  crystals,  ovenized 
OKi  t  Waters  and  TCXOs ,  it  would  not  be  possible 
to  build  the  higher  frequency  radios  in  large 
volume  at  a  reasonable  cost. 

For  the  new  .ellular  mobile  telephone  system 
rated  deviation  is  +  12  KHz  to  permit  the  use  of 
high  speed  signalling.  Channel  spa<  Ing  Is  <m  J v 
10  KHz  .  hut  adjacent  channels  will  not  be  used 
1 n  r  he  same  ell. 

Although  t  1 nasi-  transmitter  trequenrv  stability 
and  hannel  '.pacing  are  specified  bv  the  Kid*,  the 
ImIIkI  Mobil**  Radio  Industry  has  worked  to  stan- 
>.la r  i:  ’»•  transmitter  and  re.  elver  performance. 

In  t h*  Ini  ted  States,  the  Electronic  Industries 
Ass.ii  i. it  ion  (F1A)  has  established  >t  and  aril  oper- 
ititig  .  and  it  ions  and  minimum  spe.  if  ic.it  ions  tor 
p  rfaXr  and  vehicular  rWios  .o>  well  as  standard 
t  t  methods.**  <)n  an  lntcrn.it  i.>n<«l  basis,  this 
w<  rk  is  being  < arried  out  bv  t he  Internationa! 

He>  l  rot  e  ifm  i  i  a  I  (oavnissinn  ilFl).  Efforts 
are  now  in  progress  to  standardize  test  methods 
worldwide.  As  is  often  the  < ase,  it  is  much 
c  i  ••  i  »•  r  to  write  a  spe<  i  t  i  •  at  i  on  t  ban  it  is  to  spe<  - 
!  1  .  a  r*-as  .  nable  method  t  -  determine  •  ont  ormaix  «• . 

TRANSMITTERS 

In  its  simplest  form  a  transmitter  can  be  built  as 
,  tiown  in  Figure  2 .  In  this  arrangement,  a  fre¬ 
quency  modulated  signal  is  generated  bv  use  >1  a 
voltage  .<*nt  rolled  .  rvsl.il  oscillator.  For  the 
tighter  tolerance  units,  temperature  compensation 
i  -  also  Included.  The  output  of  the  crystal  os*  11- 
lat.tr  is  then  multiplied  to  the  operating  frequency 
and  amplified  to  the  desired  power  level.  Manv  >f 
tiie  newest  model  radios  use  a  frequency  synthe¬ 
sizer  part ti ular I v  for  trunked  and  radio  telephone 
,v stems  where  autom.it  i  channel  switching  Is  re¬ 
quired.  For  these,  a  crystal  osi  111  at  or  is  used 
to  determine  overall  frequency  stability,  but 
modulation  is  usually  In* orporated  in  the  phase 
|  o«  k  The  transmitter  performame  clwr.n  tir- 

1 » t  1 1  m  d  1  r  e*.  t  I  v  a  f  f  ei  t  ed  bv  »  fVHtal  oh*  i  1  I  a  t  or 


performance  are  described  in  the  following  section 

1 .  Carrier  Frequency  Stability 

Transmitters  are  required  to  hold  the 
frequency  tolerances  shown  in  Table  1 
over  a  temperature  range  of  -30°C  to 
+60°(!  to  meet  EIA  standards.  In  a  vehic¬ 
ular  radio,  temperature  rise  of  the  equip 
ment  is  a  significant  factor  and  normal 
temperature  specifications  are  extended 
to  -30°C  to  +85*C.  For  systems  re¬ 
quiring  +  .0005/!!  stability,  various 
temperature  compensation  schemes  have 
been  used  incorporating  both  passive  and 
active  circuitry.  However,  for  800  MHz 
equipment,  +.00025 X  stability  must  be 
held.  Tf>  allow  for  other  system  vari¬ 
ations,  the  TCX0  is  normally  held  t" 
+.0002X.  This  Is  the  first  time  that 
TCXO's  must  be  built  to  this  very  tight 
tolerance  in  large  quantities.  Whereas 
looser  tolerance  oscillators  could  be 
tested  at  discrete  temperatures,  these 
units  must  be  continuously  tested  across 
the  temperature  range.  Oscillators  have 
been  developed  which  incorporate  custom 
IC's  with  laser  tr  loanable  resistors  for 
temperature  i ompens.it  ion  and  a  system  has 
been  established  which  tests  the  units 
under  computer  control  and  then  auto¬ 
matically  trims  the  temperature  control 
c i rcu i t  rv .  ' 

In  addition  to  temperature  stability, 
aging  must  also  be  considered.  The  FTC 
requires  that  all  transmitters  be  checked 
annually  for  frequency  compliance.  In 
practice  however,  radios  are  normally 
♦  flecked  on  a  6  month  cycle.  To  insure 
meeting  Kir  r equ 1  remen t s ,  good  quality 
.rvstal  osi  l  Waters  must  age  less  than 
I  ppm  per  vear. 

.  FM  Hum  and  No i se  Level 

FM  Hum  and  Noise  level  is  defined  as  the 
ratio  of  residual  frequency  modulation 
to  standard  test  modulation  of  the  trans¬ 
mitter  output  with  a  standard  FM  test 
receiver.  The  transnit  ter  is  first  mod¬ 
ulated  with  a  standard  lest  signal  which 
is  defined  as  a  1000  Hz  tone  at  the  level 
required  to  produce  607.  of  full  rated 
system  deviation  (+3  KHz).  Then  the  mod¬ 
ulation  is  removed  and  the  residual  noise 
output  of  the  test  receiver  is  noted. 

The  ratio  of  the  modulated  signal  to 
the  unmodulated  noise  Is  t hen  inmputed. 
For  a  good  quality  transmitter  this  ratio 
should  he  at  least  60  db.  The  residual 
frequency  modulation  Is  a  direct  result 
of  t  fie  close-in  sideband  noise  of  the 
unmodulated  carrier  as  illustrated  in 
Figure  1.  Tlu*  standard  test  receiver  has 
a  flat  passband  t»>  +SKHz  and  an  audio 
passhand  from  0  -  1000  hz  with  a  6  db 
per  o*tave  de-emphasis.  Therefore,  the 


noise  In  the  hand  fc  +  5 KHz  will  be  de¬ 
tected.  This  places  a  severe  requirement 
on  our  VCXO  in  Figure  2  due  to  the  in¬ 
crease  of  sideband  noise  level  as  a  func¬ 
tion  of  multiplication.  An  800  MHz  trans¬ 
mitter  would  require  an  oscillator  with  a 
f>  db  improvement  in  sideband  noise  to  give 
performance  equal  to  a  450  MHz  transmitter 

3 .  Transmitter  Sideband  Noise 

Transmitter  Sideband  Noise  Is  defined  as 
the  undesired  emission  of  noise  by  the 
transmitter  and  is  measured  in  the  ad¬ 
jacent  channels  and  as  far  away  from  the 
carrier  frequency  as  is  practical.  The 
noise  spectrum  is  generated  in  the  VCXO 
and  is  degraded  as  a  direct  function  of 
the  multiplication  process.  In  addition 
the  noi.se  floor  may  be  limited  by  the  noise 
figure  of  the  RF  power  amplifier.  The 
sideband  noise  is  measured  by  zero¬ 
beating  the  transmitter  output  against  a 
high  quality  signal  source  and  measuring 
the  output  with  a  low  frequency  spectrum 
analyzer.  The  EIA  currently  specifies 
a  minimum  of  55  db  attenuation  at  the 
adjacent  channels  for  transmitters  at 
450  MHz.  However,  more  recent  studies 
have  indicated  that  a  minimum  standard 
of  70  db  is  needed.®  To  maintain  this 
quality  in  an  800  MHz  transmitter  re¬ 
quires  either  an  improved  crystal  oscil¬ 
lator  or  a  higher  frequency  oscillator 
with  identical  sideband  noise  levels. 

If  a  synthesizer  is  used  the  same  re¬ 
strictions  apply  to  the  output  VC0. 

RECEIVERS 

A  typical  receiver  arrangement  Is  shown  In  Figure 
4.  Commonly  used  IF  frequencies  are  10.7  MHz  or 
21.4  MHz  in  ret  fivers  which  incorporate  monolithic 
crvstal  filters.  Eight  to  ten  poles  of  selec¬ 
tivity  ar»  general Iv  used  with  a  6  db  bandwidth  of 
12  -  13  KHz.  The  local  oscillator  may  be  a 
crystal  oscillator  with  multipliers  or  a  syn¬ 
thesizer.  The  basic  function  of  a  receiver  is  to 
provide  maximum  sensitivity  and  adequate  gain  at 
the  assigned  channel  and  maximum  rejection  or 
selectivity  at  adjacent  channels  as  well  as  other 
interfering  signals.  Accurate  receiver  testing 
Is  difficult  because  of  the  excellent  sensitivity 
and  narrow  band  selectivity  of  current  high  quality 
receivers.  Several  new  test  methods  and  defini¬ 
tions  are  under  evaluation  by  EIA  and  IEC  com¬ 
mittees.  Some  of  the  major  characteristics  and 
methods  of  test  are  described  below. 

1 .  Reference  Sensitivity  (Usable  Sensitivity 

Tills  determines  the  basic  sensitivity 
of  the  receiver  and  Is  used  as  a  refer¬ 
ence  for  many  of  the  other  tests.  The 
test  is  performed  in  the  set  up  shown  in 
Figure  5.  The  standard  test  signal 
at  the  input  is  frequency  modulated 


with  a  1  KHz  tone.  Deviation  is  60%  of 
the  rated  system  deviation  (+3  KHz).  The 
audio  output  of  the  receiver  is  terminated 
In  it  appropriate  load  and  the  signal  is 
measured  with  an  audio  distortion  analyzer. 
The  "SINAD"  method  of  measurement  is  used. 
SINAD  is  an  acronym  for  "signal  plus 
noise  plus  distortion  to  noise  plus  dis¬ 
tortion  ratio"  expressed  in  decibels  where 
the  "signal  plus  noise  plus  distortion”  is 
the  audio  power  recovered  from  a  modulated 
radio  frequency  carrier,  and  the  "noise 
plus  distortion"  is  the  residual.9  This 
ratio  is  a  measure  of  audio  output  signal 
quality.  To  perform  the  measurement, 
the  standard  test  signal  la  set  to  the 
specified  channel  frequency  and  the  sig¬ 
nal  is  adjusted  to  a  level  such  that  the 
SINAD  equals  12  db.  This  signal  level 
is  defined  as  the  Reference  Sensitivity. 

The  EIA  specifies  a  minimum  standard  of  1 
microvolt  for  receivers  in  the  450  and 
800  MHz  hand.  Todays  highest  quality 
receivers  achieve  a  sensitivity  of  0.35 
microvolts  at  450  and  800  MHz. 

2.  Variation  of  Sensitivity  with  Signal 
Frequency  (Usable  Bandwidth) 

In  receiver  design  it  is  desirable  to  uae 
as  narrow  an  IF  bandwidth  as  possible  to 
limit  the  noise  response  and  therefore, 
the  ultimate  sensitivity.  The  minimum 
bandwidth  is  determined  by  the  deviation 
of  the  carrier  (modulation)  and  the  fre¬ 
quency  stability  of  the  oscillator  in¬ 
jection.  The  set  up  for  this  measure¬ 
ment  is  identical  to  that  used  for  the 
reference  sensitivity.  As  the  carrier 
frequency  is  shifted  away  from  the  nominal 
channel  frequency,  the  signal  level  is  in¬ 
creased  to  maintain  12  db  SINAD.  Figure 
7  shows  a  plot  of  signal  level  versus  fre¬ 
quency  for  a  450  MHz  radio-telephone  re¬ 
ceiver.  This  particular  receiver  has  12 
poles  of  selectivity  with  an  overall  6  db 
bandwidth  of  14  KHz.  The  Usable  Bandwidth 
is  determined  by  the  frequencies  which  are 
6  db  above  the  Reference  Sensitivity;  from 
Figure  7,  -4.0  KHz  and  +4.3  KHz.  The  Min¬ 
imum  Usable  Bandwidth  is  defined  as  the 
smaller  of  the  frequency  differences  ie, 
+4.0  KHz  for  our  example.  Thus  the  Mini¬ 
mum  Usable  Bandwidth  is  affected  by  filter 
symmetry  and  injection  oscillator  fre¬ 
quency  accuracy  in  addition  to  overall 
receiver  bandwidth.  To  insure  system  oper¬ 
ation  within  the  Minimum  Usable  Bandwidth, 
temperature  stability  of  the  transmitter, 
receiver,  local  oscillator  and  IF  filters 
must  all  be  accounted  for.  For  our  ex¬ 
ample,  this  translates  into  a  total  ac¬ 
cumulative  drift  of  +4.7  ppm  at  850  MHz. 

EIA  standards  are  still  under  discussion 
for  this  specification. 

3 •  Adjacent  Channel  Selectivity 

To  measure  Adjacent  Channel  Selectivity, 
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a  second  signal  source  is  connected 
to  the  combining  network  in  Figure  5. 
Signal  generator  number  1  is  set  on  the 
channel  frequency  and  is  modulated  with 
the  standard  test  signal  (1  KHz  at  +  3 
KHz  deviation).  The  signal  level  Is  set 
)  db  above  the  Reference  Sensitivity. 
Signal  generator  number  2  is  set  at  the 
adjacent  channel  frequency  and  is  modu¬ 
lated  at  400  Hz  with  +  3  KHz  deviation. 
The  signal  level  is  increased  until  the 
receiver  SINAD  is  reduced  to  12  db.  This 
measurement  is  performed  on  both  the 
upper  and  lower  adjacent  channels.  The 
Adjacent  Channel  Selectivity  is  defined 
as  the  ratio  of  the  interfering  signal 
to  the  Reference  Sensitivity. 

In  high  frequency  receivers,  the  Ad¬ 
jacent  Channel  Selectivity  is  limited 
hv  a  phenomenon  called  "desensitization" 
as  well  as  by  the  selectivity  of  the  IF 
filter.  In  this  condition,  the  side¬ 
band  noise  of  the  local  oscillator  mixes 
witli  an  interfering  signal.  Essentially 
the  roles  of  the  local  oscillator  and 
the  interfering  signal  are  reversed. 

Thus  a  receiver  may  have  100  db  of  IF 
selectivity  at  the  adjacent  channel  and 
vet  only  achieve  90  db  under  test  due  to 
"desense".  It  has  been  found  experi¬ 
mentally  that  the  sideband  noise  of  the 
local  oscillator  must  be  6  to  10  db 
better  than  the  selectivity  desired. 

Thus,  for  a  90  db  receiver,  the  sideband 
noise  of  the  injection  frequency  should 
lu-  at  least  100  db  in  the  aJjacent  chan¬ 
nel  (10  KHz  bandwidth)  or  140  dh/Hz . 

In  <i  tvpieal  450  MHz  receiver  using  a 
fundamental  mode  crystal  oscillator  and 
t  X24  multiplier,  the  oscillator  side¬ 
band  noise  must  he  168  dh/Hz  at  the 
adjacent  channel. 

The  El  A  requires  a  minimum  Adjacent 
Oiannel  Selectivity  of  70  db.  High 
quality  receivers  typically  achieve  80 
or  90  db. 

4  .  Sjni rjou s  R esp i  ins e  I  ramurw.t£  (Spu r  lous 
Respo nse_  Att enuat  io n ) 

Spurious  attenuation  Is  measured  in 
exactly  the  same  way  as  adjacent  channel 
selectivity.  Spurious  responses  are 
princ  ipally  caused  by  mlxit.g  of  harmonics 
of  the  input  signal  and  the  local  os¬ 
cillator.  These  can  be  predicted  math- 
mat  I  call v  and  are  minimized  by  in 
appropriate  combination  of  IF  frequency 
and  front  end  selectivity  in  the  re¬ 
ceiver  design.  The  KIA  minimum  standard 
is  85  db.  Typical  high  quality  re¬ 
ceive*  rs  achieve  100  db. 

5 .  In t ermodul a tion  Immunity  (Intermodulation 
Spurious  Response  Attenuation) 

Intermndulat I  on  spurious  responses  are 


generated  in  a  receiver  when  two  or  more 
undesired  signals  are  mixed  in  a  non¬ 
linear  portion  of  the  receiver.  The  test 
is  performed  in  the  test  circuit  of  Figure 
5  with  two  additional  signal  generators 
connected  to  the  combining  network.  Gen¬ 
erator  1  is  set  at  the  nominal  channel 
frequency  with  the  standard  test  modu¬ 
lation.  Generator  2  is  unmodulated  and  is 
set  at  the  adjacent  channel  frequency 
(Fa  -  fa  +  Af).  Generator  3  is  unmodu¬ 
lated  and  is  set  at  a  frequency  twice  the 
adjacent  channel  away  from  the  nominal 
frequency  (ff,  =  fQ  +  2Af ) .  Interference 
occurs  due  to  mixing  of  harmonics  of  fa 
and  f|,  in  such  a  way  that  in-band  fre¬ 
quencies  are  generated.  For  example: 

2f a  -  fb  -  fo 

The  test  is  performed  by  setting  Generator 

1  to  the  Reference  Sensitivity  and  then 
increasing  its  level  by  1  db.  Generators 

2  and  3  are  set  at  equal  signal  levels. 
This  level  is  then  increased  until  the 
receiver  SINAD  is  reduced  to  12  db.  The 
Intermodulation  Immunity  is  defined  as  the 
ratio  of  the  level  of  Generator  1  or  2  to 
the  Reference  Sensitivity. 

Intermodulation  Immunity  may  be  limited  by 
non-  linearity  in  the  monolithic  crystal 
filters. For  high  quality  re¬ 
ceivers,  the  first  crystal  filter  in  the 
IF  (adjacent  to  the  first  mixer)  must 
meet  very  stringent  requirements.  These 
parts  are  normally  processed  specially 
or  selected  from  standard  parts.  The 
F.1A  minimum  standard  for  Intermodula¬ 
tion  Immunity  is  60  db.  High  quality 
receivers  typically  achieve  80-85  db. 


SUMMARY 

1  rinsrai  tters 

The  FCC  requirements  for  the  new  800  MHz  mobile 
radios  specify  a  frequency  tolerance  of  +.00025% 
over  the  temperature  range.  This  is  one-half 
the  tolerance  required  for  current  VHF  and  UHF 
radios  and  will  require  substantial  improvements 
in  design  and  testing  of  large  volume  production 
TCXO’s.  Oscillator  sideband  noise  is  also  a 
critical  factor  in  maintaining  clean  transmitter 
emissions  on  channel  and  at  adjacent  channels. 
With  reference  to  current  450  MHz  radios,  the 
VCXO  or  synthesizer  VCO  must  have  a  6  db  improve¬ 
ment  in  sideband  noise  or  maintain  the  same  side¬ 
band  noise  level  at  twice  the  operating  fre¬ 
quency  for  proper  transmitter  performance. 

Receivers 

For  conventional  land  mobile  radios  at  800  MHz 
the  Rated  System  Deviation  and  Channel  Spacing 
are  identical  to  the  450  MHz  band.  Thus  the 
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required  selectivity  will  not  change  for  the  new 
band.  However,  frequency  stability  and  accuracy 
of  the  crystal  filters  and  local  oscillator  are 
much  more  critical.  To  maintain  operation  within 
the  Usable  Bandwidth  over  temperature  and  time,  the 
IK  crystal  filter  must  be  symmetrical  about  fD  and 
the  local  oscillator  must  maintain  frequency  with¬ 
in  2  to  3  ppm  under  all  conditions.  For  the 
Cellular  Radio  Telephone  a  new  rated  deviation  is 
specified  creating  a  need  for  a  new  family  of 
monolithic  crystal  filters.  Adjacent  Channel 
Selectivity  is  limited  by  local  oscillator  side¬ 
band  noise  due  to  desensitization.  To  main¬ 
tain  selectivity  comparable  to  450  MHz  receivers 
the  local  oscillator  sideband  noise  must  be 
improved  to  compensate  for  multiplication  to 
the  higher  operating  frequency. 


CONCLUSIONS 

The  recent  action  by  the  FCC  to  allocate  portions 
of  the  806  -  947  MH2  frequency  band  for  Land  Mobile 
Radio  use  has  created  600  new  channels  for  conven¬ 
tional  radio  users  and  666  new  channels  for  radio 
telephone  service.  Two  new  systems  are  authorized 
which  incorporate  automatic  computer  controlled 
channel  selection;  the  trunked  system  and  the 
cellular  radio  telephone  system.  Frequency  con¬ 
trol  needs  include  a  2  to  1  improvement  in  oscil¬ 
lator  stability  and  sideband  noise  over  present 
450  MHz  radio  equipment.  Tighter  tolerance  mono¬ 
lithic  crystal  filters  are  required  to  provide 
more  exact  passband  characterist ics.  Finally,  a 
new  family  of  monolithic  filters  is  needed  to  meet 
the  bandwidth  requirements  of  the  cellular  radio 
telephone. 
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FREQUENCY 

RANGE 


FIXED  AND 
BASE  STATION 


MOBILE  STATION 

OVER  3  WATTS  3  WATTS  OR  LESS 


25  -  60  MHZ 
132  -  174  MHZ 
450  -  612  MHZ 
506  -  890  MHZ 


.002  « 
.0005  % 
.00025  « 
.00015  % 


.002  % 
.0006  % 
.0006  « 
.00026  % 


.005  % 
.005  % 
.0006  % 
.00025  % 


TABLE  1 

AUTHORIZED  TRANSMITTER 
FREQUENCY  TOLERANCES 


FREQUENCY 

CHANNEL 

RATED  SYSTI 

RANGE 

SPACING 

DEVIATION 

25  -  50  MHZ 

20  KHZ 

t  5  KHZ 

132  -  174  MHZ 

30  KHZ 

♦  6  KHZ 

450  -  512  MHZ 

26  KHZ 

*  6  KHZ 

806  '  890  MHZ  (Conventional) 

25  KHZ 

1  5  KHZ 

808  -  890  MHZ  (Cellular) 

30  KHZ 

i  12  KHZ 

TABLE  2 

RATED  SYSTEM  DEVIATION 
AND  CHANNEL  SPACING 


* 


vl 

•Hi 
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CONVENTIONAL 

AND  TRUNKED  -  600  CH  25  KHZ/CH 


CELLULAR  -  666  CH  30  KHZ/CH 


806  -  947  MHZ  FREQUENCY  ALLOTMENT 
FIGURE  1 


TRANSMITTER 
FIGURE  2 


—  I  ""  l  I - 1  1  i  '"I  ■■■  i  r"  i  '  i  ■■  r 

-25  -20  -16  -10  -6  Fo  6  10  15  20  25  KHZ 


OSCILLATOR  SIDEBAND  NOISE 
FIGURE  3 


RECEIVER 
FIGURE  4 
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1.  AUDIO  -  FREQUENCY  GENERATOR 

2.  RADIO  FREQUENCY  SIGNAL  GENERATOR 

3.  MATCHING  OR  COMBINING  NETWORK 

4.  ARTIFICIAL  ANTENNA,  IF  REQUIRED 

5.  RECEIVER  UNDER  TEST 

8  AUDIO  FREQUENCY  LOAD 
7.  NOISE  AND  DISTORTION  METER 


RECEIVER  TEST  SET  UP. 


Proc.  3r>th  Ann.  r r*e< j .  fonfcrol  Symposium,  HSAFNADfiOM,  ft.  Monmouth,  iJJ  077 05,  Ma/  I'd:! 


KKKtilTNrV  STAB  1 1. IX  ATI  ON  RKQll  I KKMKNTS  FOK 
MOUKKN  M  I  Id.  I  MKT KR  WAVK  SYSTKMS 


a.  Tirkt-I 


TRW  lirl  i-nsi-  ami  Span-  Systems  (-roup 
One  Spa*  <•  Park 

Redondo  Beach,  t'alifornia  9027H 


Typical  Kt-iv ivj.- r_  Ktpia t  i on 


t  ho  advent  ot  millimetir  wavt*  solid 
i  i-s,  there  has  been  increasing  interest 
luting  then  in  small,  1  i  ght  we  i  ght  soplii?-- 
•;  terns.  flu-  particular  appli<nt  ions  have 
■  r-iiis'  .  e  i  vers ,  high  data  rato  transmission 
.  .'it.  , -onintun  i  i  at  ion  networks,  -nnl  atmos- 
a.p  spa- a  proius.  The  advant  ages  of 
w.'tvi'-’ ,  i .  ,  higher  bandwidth,  higher 

i  r. .  smaller  .  . onponont  si/e,  atul  lower 
v  •?  infereep!  and  jamming,  are  coupled 
inh.  ront  d  i  *;.id  v.mt  ages .  After  eonsider- 
I  i'  kt  v  pa  rune t  e  is  ,  if  lu-roim's  apparont 
h.  it  -  i  r. i-i.tr  s v:» t  eitis ,  tho  problem 
tot  sfah.litv  h.i>  not  rcolvod  as  mmli 
as  a  i:.  t  i>--ues.  Kt-1.it  i  vc* I  y  modest  phase 
f  i  >n  that  is  achievable  hv  standard 
nr  •  '.ni<;uos  ha-  the  potontlaf  of  ini- 
far  p--r  ■  r:  m-e  trn.ro  subst  an  t  i  a  !  1  v  than 
i  i : .  i  !v  ni'  o;-.  in  transmitter  power,  an- 
,  .  •*  t  •  *  .  i  v-  r  ti<<  iso  f  igure. 


Vs  ;  tp.  r  I  - 1 1  ■  1 1  s  i  ■  r-  on  flu  Me'jueipv  ‘-tubililv 
*  f  ♦  r  w.i'.v  os.  i  i  lit  >r-  and  its  inp.t,  t  on 
:  ov.  por  f.-rn.in  •  .  part  i  •  ularlv  in  n  feren.-e  t<- 
ir-.  A  t  v ;  >  i  •  .  1 1  radar  tratis.oivor  nirbt  t  ako 
fair,  shewn  in  figure  1.  The  iv«  eived  signal - 
s  i  •  r  it  ii-  is  given  bv  f  h«  ra»!ar  o.juat  ion. 
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l’r  *  received  power 

A  «  process  I  n  g  gain  (if  pulse;  compress  i  on  ot 
'  spread  spect  rum  techniques  are  used) 

K  =  Boltzmann  constant 
T  =  effective  antenna  temperature 
B  =  post,  detection  bandwidth 
N  =  receiver  noise  figure 


In  eider  to  obtain  na  •:  i  •  un  i  n  f  o  nuat  i  or  about  the 
return  signal,  the  mvivrd  i  gna  1  -t  o-no  i  se  ’MMo 
she>ii J d  he  maximized.  At  presont  ,  the  following  per¬ 
formin',  is  available  at  ».  Qfz. 

1.  I.ow  at  mosplur  i  c  attenuation  a  -  (•&,.  4  Ih'K-i 
'o  Sea  level. 

*•  Output  power  of  several  watts  CW  from  iMl’AT'I 
amplifiers  involving  mul t i-diode  combiners. 
Pulsed  power  is  up  to  1C)  dB  higher. 

5.  Antenna  pains  of  ‘id-eO  dB  are  at  t  a  i na  •  1  < • 
villi  practical  .inert  uses. 

A.  Single  sideband  rn  river  noi  o  figure  1  •  ss 
than  V*  if B  i;a  been  attained. 


1 l  Range  i  'ji;af  i  on 


I'  0*  \  ‘  (7*  exp  (- J  iR ) 


I‘r  ■  received  power 
I’.j  =  transmitted  power 
'•  *  ant  nna  gain 
X  -  free  space  wavelength 
t  *  target  cross  section 
t  =  atmospheric  attenuation  coefficient 
R  »  range 


further  impri.  Voment  s  t.'  the  above  na  ramet  *■  rs  h.ive 
reached  a  point  of  dimin  i;;b  ing  return.  The  arei 
whicl;  ha--  not  been  addr.-s  «  .1  with  as  much  effort 
and  at  t  ent  ion  .»?.  tin  issue  ot  ;  r«  »eess  i  n  >•  cain. 

^1(1  lop,  (I  i  I'm  -.pread  spn  run  .  ! ,  .■  t;  'i 

for  pulse  cotiiP!  »ss  i  »n  .  J 

Pri  m  lain  I'radeot  fs 

!  lu-oret  i  c.i '  I  ■  ,  *  i:  p  ran  up  gain  hou'  :  !-. 
.apable  of  boinp.  im  I'e.isni  indel  i  ni  t  e  1  .  at  t  .  x- 
pe.jp-e  i-t  integration  tin,  .  in  rr.i.t  i .  i  ■  in- 

craa;;,:.,  ;o  d«-f  tin  B .  K .  Iv .  I.u  a  -  nt.  •  io  ■  t  ri;': 

rad.tr.  the  I  inn;-.  n  I  re>,  .si,  \  i  r .  -  t  i-s: 

1  .  H  i  pi. «  :  t  bit  *  at  e  .1,  h  •  •  ».*.«b  1  i  with  .  or\  ellt  ft 

i  r.  u  i  t.  rv  1  ilO  Mliz  -  *  M 


p-  I  ■  orir.m  •  •!  fee  t  , 

. .  ■  (In  ' .  ,w.  f  m  .(ill  :m 
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Receiver  I'M  Nojse _ IV  r f orman ce 

In  order  t.»  investigate  the  etfetts  o  1  osr  i  1  - 
lit'M  PI  muse,  l  In-  <ol lowing  discuss  inn  will  In* 
nstiirttil  to  .»  biphase  ininulril  CW  radar  with  a 
pseu.h*  random  code 


< 'Oil:,  i 

The  r. 
.'.nr  i 
tv-  : 
sup;>t < 

r  ;»m*t 
F  i  gur< 


»*  establish  t  hi*  noise  f  1 1*<  >  r  of  t  ho  receiver, 
»  »'  -tit  FM  rush. ! at  ed  carrier  being  employed. 
>oiv**r  l„.o.  is  derived  from  tin*  transmitted 
r  (except  for  the  frequency  offset,  i.e., 
!•'.)•  At  c  1  ose  r.inRi',  the  sideband  power  is 
ssed  within  t  ht*  readver,  while  at  longer 
residual  sidebands  appear  according  to 
2.  This  is  tin*  same  as  what  happens  if 
tile  original  carrier  is  contaminated  bv  FM  noise 
sidebands.  rht  received  noise  floor  density  due 
to  this  effect  is 
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The  (~^)  ratio  at  tin*  input,  before  any  process¬ 
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The  processing  gain  Is,  thus 


where  1’^  =  noise  power  density 
N  =  mixer  noise  figure 
I. »  f )  =  phase  noise  density 

Ps  -  signal  power  in  one  of  M  spectral  lines 

assumed  to  be  equally  spaced  and  of  equal 
amol  i t  ude 

f  h 

M  =  j—  =  number  of  spectral  lines 

f  ||  =  clock  rate  t  hi  ghost  frequency  spectral 
line) 

fp  =  word  rate  (lowest  frequency  spectral  line) 
fu  is  assumed  t<»  be  much  greater  than  f[, 

Nii;.  e  noise  adds  incoherently  in  the  correla¬ 
tor.  tin  output  muse  power  is 
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Assuming  an  inverse  power  law  for  L(f) 
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The  maximum  processing  gain  that  can  be  practi¬ 
cally  utilized  must  be  consistent  with  an  output  (— ) 
ratio  which  yields  an  acceptably  low  B.E.R.  and  ^ 
probability  of  false  alarm.  Assuming  this  to  be 

satisfied  by  (1)  5-20  dB. 
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lor  =  100  MHz  -  a  practical  clock  frequency 


n-1  n 

,Sv  (2  x  10  )  a 

* L  "-1  '  -I 


(14) 


A  ",aX  >  102 


(n-1) 


n-1 


L (2  x  10“°) 


_L 

n-2 


(13) 


Consider  the  typical  phase  noise  spectrum  of 
a  millimeter  wave  ft  win  oscillator,  shown  in  Fig¬ 
ure-  3,  curve  (a). 

:i  =  I,  .  -  108 

A  ",,x  -  57  JB,  f,  -  10(1  Hz. 

P  I. 

Consider  the  case  of  the  pliase locked  oscil¬ 
lator,  with  its  characteristic  phase  noise  spectrum, 
ns  shown  in  Figure  1,  curve  (b).  I'sing  the  same 
ana  I  v.s  is,  ir  t  in  h-t  shown  that 
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■  loop  bandwidth 


Hence  increases  indefinitely  as  f ^  is  reduced. 
For  the  purposes  of  comparison,  for  fj  =  I  Hz, 

Ap  =  80  dB 


Design  Criteria  for  (a mn  Diode  Pliase  Locks 

From  the  previous  equations,  ft  is  evident 
that  noise  around  1  kHz  away  from  carrier  should 
be  suppressed  as  much  as  possible.  This  can  be 
achieved  by  locking  the  oscillator  to  a  harmonic 
of  an  ultrastable  low  frequency  source.  A  S.A.W. 
oscillator  operating  around  1  ft Hz  is  a  promising 
candidate.  In  Figure  4,  curve  (a)  shows  the  noise 
of  t  he  fundamental  S.A.W.  oscillator,  curve  (b) 
shows  the  equivalent  noise  around  the  multiplied 
signal  (translated  by  20  log  94),  and  curve  (r) 
shows  the  spectrum  of  the  free  running  Gunn  oscil¬ 
lator.  The  ideal  loop  should  have  a  bandwidth 
of  2,2  MHz  and  adequate  gain  and  phase  margin  at 
that  frequency.  Actual  noise  spectrum  of  the 
locked  oscillator  is  significantly  higher  than 
the  ideal  curve  because: 

1.  Millimeter  wave  oscillator  noise  is 
inherently  higher  than  that  at  lower 
frequencies  because  of  lower  circuit  0 
and  higher  device  noise.  This  necessi¬ 
tates  a  higher  loop  gain  than  is  re¬ 
quired  at  lower  frequencies.  The  com¬ 
bined  gain  bandwidth  product  is  diffi¬ 
cult  to  realize  without  reduction  in 
the  phase  margin. 

2.  Device  sensitivity  to  power  supply 
current  and  voltage  fluctuations  is 
high  (e.g. ,  at  94  GHz,  a  Gunn  oscillator 
has  tuning  sensitivity  cr  1  GHz/volt). 

3.  Tuning  elements  are  not  readily  available. 
Varactor  tuning  is  lossy,  bias  tuning  is 
non-linear,  temperature  and  time  dependent, 
and  requires  complicated  electronics, 
optical  pushing  has  not  yet  been  proven 
suitable  for  this  purpose. 

4.  Down  conversion  process  required  for  the 
phase  comparison  adds  more  noise. 

As  a  result,  millimeter  wave  oscillators  still 
require  improvements  in  device  and  circuit  perform¬ 
ance.  Further  noise  reduction  at  lower  offsets 
from  the  carrier  i.as  been  achieved  by  locking  the 
reference  S.A.W.  oscillator  to  a  low  frequency 
ultrastable  crystal  oscillator  (6b  MHz),  but  the 
performance  improvement  is  not  commensurate  with 
the  resultant  increase  in  complexity. 
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SUMMARY 

The  spectral  purity  characteristics  that  must 
be  achieved  by  the  frequency  control  mechanism  of 
a  95  GHz  coherent  radar  system  are  described.  The 
radar  system  has  been  designed  to  serve  as  a  gen¬ 
eral  purpose  instrument  capable  of  supporting  the 
collection  of  target  and  clutter  backscatter  data 
under  a  varying  set  of  pulsewidth,  polarization 
and  pulse  repetition  interval  conditions.  The  data 
is  stored  on  magnetic  tape  in  digital  format  and 
used  to  develop  efficient  algorithms  for  target 
detection,  discrimination  and  classification.  The 
system  has  been  designed  to  provide  a  minimum  of 
40dB  sub-clutter  visibility  to  accomplish  the  algo¬ 
rithm  development  goals.  Since  data  integrity  (co¬ 
herence)  is  almost  totally  dependent  on  system 
spectral  purity,  major  design  effort  was  focused 
on  signal  generation  and  control. 

The  system  signal  generation  technique  employs 
a  single  100  MHz  oscillator  source  to  establish 
system  timing,  the  transmit  signal,  and  the  local 
oscillator  signal.  A  phase  locked  Gunn  oscillator 
and  injection  locked  CW  and  pulsed  IMPATT  oscilla¬ 
tors  are  used  to  preserve  signal  coherence  during 
transmit/receive  operation. 

Measured  phase  noise  spectral  density  data  are 
presented  and  compared  with  the  desired  performance 
specifications  at  key  points  in  the  signal  path. 
The  measurement  techniques  are  briefly  described. 
System  processed  data  are  shown  that  demonstrates 
greater  than  40  d8  sub-clutter  visibility  at  target 
ranges  greater  than  Z  km. 

System  Overview 

Background 

The  application  of  millimeter-wave  technology 
to  electronic  systems  may  provide  effective  solu¬ 
tions  to  a  variety  of  military  problems  involving 
short-range  targeting  operations  in  clear  to  mod¬ 
erately  adverse  weather  conditions.  Millimeter- 
wave  solutions  can  be  implemented  in  the  form  of 
physically  small  equipment  having  high-resolution 
performance  in  range  and  angle  with  adequate  dop- 
pler  sensitivity. 

Examples  of  military  applications  in  which 
mi  1 1 imeter-wave  technology  provides  attractive  sys¬ 
tem  alternatives  include  low-level  Interdiction 
strike  missions  in  fixed  or  rotary-wing  aircraft 


against  ground  armored  vehicles.  In  the  east 
European  scenario,  such  missions  are  typically 
characterized  by  short  time  lines  that  support  a 
requirement  for  automatic  target  acquisition  and 
handoff  for  weapon  delivery.  Missile  terminal¬ 
homing  appl  ications  are  another  example.  In  this 
case,  millimeter-wave  technology  may  be  used  effec¬ 
tively  in  resolving  high-value  fixed  targets  or  in 
identifying  the  unique  signatures  of  selected  tac¬ 
tical  targets  to  enhance  antiradiation  homing  by 
defeating  the  shutdown  tactic.  Finally,  but  of  no 
less  significance,  is  the  area  of  ground-to-ground 
antiarmor  operations  that  may  Include  both  fire 
control  and  battlefield  IFF.  In  this  area,  milli¬ 
meter-wave  technology  has  demonstrated  the  poten¬ 
tial  of  being  an  effective  compliment  to  electro- 
optical  (EO)  systems  in  the  adverse  conditions  of 
weather  and  battlefield-induced  contaminants. 

Within  the  battlefield  scenario  that  is  ger¬ 
mane  to  mill imeter-wave  applications,  the  high 
resolution  and  doppler  sensitivity  achievable  at 
millimeter  wavelengths  may  permit  the  Integration 
of  target  acquisition  and  first-order  classifica¬ 
tion  techniques  (e.g. ,  target  type  through  doppler 
signatures  resulting  from  engine  vibration  and 
tread  motion)  in  systems  that  are  less  complex, 
more  readily  integrable  into  a  platform  and,  hence, 
potentially  less  costly  than  longer  wavelength  sys¬ 
tem  alternatives. 

System  Description 

The  95  GHz  instrumentation  system  consists  of 
a  solid-state  transmitter  and  receiver  front-end, 
a  digital  data  acquisition  system,  and  a  mini-com¬ 
puter  data  evaluator.  The  program  objective  was 
to  develop  a  millimeter-wave  measurement  system 
that  could  be  used  in  a  variety  of  field  condi¬ 
tions;  hence,  flexibility  and  portability  were  key 
system  implementation  considerations.  Figure  1  is 
an  artist's  conception  of  the  system  as  it  would  be 
deployed  in  field  operations.  The  RF  assent>ly  was 
constructed  as  a  remote  sensing  unit  coupled  to 
the  system  controller/data  acquisition  system  via 
an  IF  link.  Two  men  can  transport  the  remote  as¬ 
sembly  to  a  location  providing  the  optimum  field 
of  view.  The  unit  can  be  trained  in  both  elevation 
and  azimuthal  planes.  A  boresight  telescope  allows 
correct  target  alignment.  An  elevation  or  depres¬ 
sion  angle  reading  is  provided.  The  combination 
is  a  rugged,  self-contained,  field-portable  unit 
that  can  be  readily  deployed  to  acquire  key  milli¬ 
meter-wave  data  under  a  variety  of  conditions  that 


Iiqure  1.  Transportab'e  9S  GHz  I  os  t  runient  at  i  on 
Radar  System 

.ire  not  well  suited  to  laboratory  measurements. 
In  field  operations,  the  instrument  at  ion  system 
provides  radar  coherent  processing  interval  (CPI) 
data  records  cor  subsequent  off-line  processing. 
System  operation  is  computer  monitored,  thus  per¬ 
mitting  operator  selection  of  a  variety  of  rada’’ 
parameters  and  system  operating  conditions  that 
meet  the  needs  of  the  planned  experiment. 


Figure  2  shows  the  i nstrumentat ion  system  in 
simplified  block  diagram  form.  The  system  exciter, 
transmitter,  receiver,  antennas  and  polarization 
control  units  are  located  in  the  remote  PF  assem¬ 
bly.  The  remaining  units  are  'seated  in  the  van. 


In  general,  'lie  system  gathers  radar  data  ret  test¬ 
ed  from  the  env 1 ronmen*  w'thin  its  fixed  beamw'dth, 
provides  synihromius  detection  '1  A  <j),  formats  She 
t  nr  liming  tune  series  data  according  to  pulse  rep. 
etitiun  interval  (PRI),  and  records  the  data  on  a 
CPI  basis.  limited  data  analysis  can  be  performed 
near  real  tune  by  the  mi  ni  -computer  prior  *  o  pass¬ 
ing  the  data  on  to  the  digital  tape  recorder. 

A  list  of  key  system  parameters  is  provided 
in  table  1.  The  system  operates  at  94.8  GHz  and 
provides  an  i nstant aneous  bandwidth  of  300  MHz. 
The  transmitter  provides  a  minimum  power  of  O.S  W 
to  the  antenna  input.  Two  antenna  s'zes  can  be 
used  and  are  readily  changed  in  the  field.  The 
18  inch  diameter  antenna  provides  a  minimum  of 
48dR  gain  with  a  0.49  degree  beamwidth  while  the 
9  inch  diameter  antenna  provides  42dB  gain  with 
a  0.98  degree  beamwidth.  The  Cassegrain  antennas 
(two  of  each  size)  are  provided  with  horesight 
aligned  teltscores.  Four  pulsewidth  values  can 
be  selected.  The  shortest,  9  is,  is  generated  by 
compressing  a  100  ns  pulse  that  s  nonlinear  freq¬ 
uency  chirped  over  a  200  MHz  banowidth.  The  5  ns 
compressed  pulse  provides  the  system  with  a  mini¬ 
mum  resolvable  range  less  than  1.0  meter.  A  con¬ 
stant  transmit  pulse  repetition  frequency  ( PRF ) 
is  used,  and  selectable  receive  PRF  is  achieved 
via  programmed  receiver  blanking.  Thirty-two  re¬ 
ceive  PRF  values  are  provided  betwee..  i.29  and 
40  KHz. 
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figure  2.  Simplified  System  Block  Diagram 
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TABLE  I.  KEY  SYSTEM  PARAMETERS 


PARAMETER 

FREQUENCY 

PEAK  TRANSMIT  POWER 
ANTENNA  GAIN 

RECEIVER  NOISE  FIGURE 
PULSEWIDTHS 

SYSTEM  LOSS 

PULSE  REPETITION  FREQUENCY  (PRF) 
TRANSMIT 
RECEIVE 


The  system  operates  bistatically  and  provides 
both  coherent  and  noncoherent  inodes  of  operation. 
The  system  modes  of  operation  are  provided  in 
Table  II.  The  polarization  diversity  feature  is 
implemented  by  electrically  switching  a  waveguide 
ferrite  polarizer  on  a  pulse-to-pul se  basis.  The 
polarizer  operates  tn  a  cylindrical  waveguide  mode 
and  is  followed  by  a  fixed  quarter-wave  plate  so 
•hat  linear  (H  and  V)  and  circular  (RHC  and  LHC) 
polarizations  can  he  attained.  A  switchable  pola¬ 
rizer  is  contained  i  r<  both  the  transmitter  and  re¬ 
ceiver  channels,  allowing  the  transmission  of  one 
rolamjt  ion  state  and  The  reception  of  the  ortho¬ 
gonal  state  (linear  or  circular).  Either  fixed- 
freguency  or  pulse-to-pulse  frequency-agile  opera¬ 
tion  over  a  144  MHz  bandwidth  may  be  selected  with 
coherent  operation  provided  in  all  fixed-frequency 
modes. 

The  function  of  the  data  acquisition  system 
'PAS)  is  to  preprocess  the  data  collected  by  the 
remote  RF  assembly  and  record  it  in  a  format  suit¬ 
able  for  off-line  processing.  The  initial  DAS 
operation  3  synchronous  detection  of  the  receiver 
IF  signal  using  the  1.3  GHz  COHO  reference  to  pro¬ 
duce  in-phase  and  quadrature  video  channels.  Four 


PERFORMANCE 
94.8  *  0.15  GHz 
0.5  WATTS  MINIMUM 
9  INCH:  42  dB  MINIMUM 
18  INCH:  48  dB  MINIMUM 
11.5  dB  MAXIMUM 
25,  50,  100  m 

5  ns  (COMPRESSED  FROM  100  ns) 

7.0  dB 

40  kHz 

40  kHz/(N  +  1) 

N  a  0  TO  31 

high-speed  100  MHz  A/D  converters  quantize  the 
video  data  to  a  4-bit  level.  Two  A/D  converters 
per  channel  are  time  phased  to  provide  an  I  and  Q 
channel  instantaneous  throughput  rate  at  200  MHz 
each.  Data  buffering  and  storage  are  provided  by 
high-speed  ECL  memory  that  collects  the  incoming 
data  on  a  PR1  basis.  Data  reformation  is  accom¬ 
plished  by  M0S  bulk  storage  that  accumulates  range 
data  from  1024  PRI's  to  form  a  coherent  processing 
interval . 

The  4-bit  quantization  level  currently  used 
in  the  DAS  was  a  component  availability  limitation 
at  the  time  of  implementation  and  not  a  design 
constraint.  All  digital  hardware  in  the  DAS,  ex¬ 
clusive  of  the  A/D  converters,  has  been  designed 
to  accept  8-bit  data  when  8-bit  A/D  converters 
with  the  high  sampling  rates  used  here  become 
avai lable. 

A  photograph  of  the  instrumentation  system 
hardware  is  shown  in  Figure  3.  From  left  to  right, 
the  system  components  are  the  digital  tape  record¬ 
er  (HP7970E ) ,  the  data  acquisition  system  and  con¬ 
trol  panel,  and  the  remote  RE  assembly  equipped 
with  18  inch  diameter  antennas. 


TABLE  II.  MODES  OF  OPERATION 


•  PULSE-TO-PULSE  POLARIZATION  DIVERSITY 

-  RHC,  LHC,  TRANSMIT  RHC-RECEIVE  LHC  AND  VICE  VERSA 

-  H,  V,  TRANSMIT  H- RECEIVE  V  AND  VICE  VERSA 

•  PULSE-TO-PULSE  FREQUENCY  AGILITY 

-  100  ni  PULSE  WIDTH  ONLY 

-  18  DISCRETE  FREQUENCIES  IN  144  MHz  BANDWIDTH 

•  COHERENT  I  8  0  CHANNELS 

-  4-BIT  A/0  CONVERTERS 

-  200  MHz  CLOCK  RATE 

•  COHERENT  PROCESSING  INTERVAL/MEMORY  STORE 

-  64  CONTIGUOUS  RANGE  CELLS 

-  1024  PULSE  REPETITION  INTERVALS  (RECEIVE  PRF) 


* 
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figure  3.  Photograph  of  System  Hardware 


Recent  tests  performed  with  the  system  using 
a  1  trihedral  reflector  have  verified  that  a 
single  pulse  s i gnal -to-noi se  ratio  of  9dB  can  be 
achieved  at  1  km  with  the  18  inch  diameter  anten¬ 
nas.  The  measurements  were  made  in  clear  weather. 
The  transmitter  power  was  measured  and  found  to  be 
1  W.  Assuming  an  atmospheric  path  loss  of  0.72 
d8/km,  the  actual  system  loss  calculates  to  be  3dB 
with  the  receiver  noise  figure  assumed  to  be  11. S 
dB.  Applying  the  full  processing  gain  of  a  1024- 
point  CPI  in  a  clutter  free  environment,  the  1  m2 
reflector  should  result  in  a  11  dB  signal-to-noise 
ratio  when  located  at  5  km  range. 

Spectral  Purity  Requirements 

The  system  operating  parameters  have  been  se¬ 
lected  to  meet  a  wide  variety  of  data  collection 
needs.  From  an  operational  point  of  view,  the  PRF 
is  selected  to  contain  the  doppler  spectrum  of  the 
target  of  interest  for  the  particular  experiment 
being  conducted.  The  data  will  be  collected  and 
the  frequency  spectrum  from  -PRF/2  to  PRF/2  (or 
zero  to  PRF)  will  be  filtered  with  digital  trans¬ 
forms  to  characterize  the  target.  Since  the  sys¬ 
tem  must  provide  the  capability  to  detect  small 
moving  targets  in  the  presence  (same  range  cell) 
of  large  stationary  reflectors  (discrete  or  point 
clutter),  the  combined  transmitter  and  receiver 
local  oscillator  signal  phase  noise  spectral  den¬ 
sity  is  constrained.  The  assumption  is  made  that 
phase  noise  and  not  amplitude  noise  will  be  the 
primary  mechanism  degrading  moving  target  detec¬ 
tion.  System  tests  have  proven  this  assumption 
valid.  The  term  sub-clutter  visibility  can  be  de¬ 
fined  as  the  ratio  of  the  large  stationary  reflec¬ 
tor's  backscatter  cross-section  to  the  backscatter 
cross-section  of  the  smallest  moving  target  that 
can  detected.  The  system  employs  a  range-gated 


sampling  process  to  provide  range  resolution.  The 
sampling  process  folds  the  phase  noise  of  the 
transmitted  signal  into  the  same  spectral  interval 
occupied  by  the  target  return.  The  folding  process 
degrades  sub-clutter  visibility  and  provides  an 
additional  constraint  on  the  system  signal  phase 
noise. 


Si  nee  mi  1 1  imeter-wave  radars  provide  adequate 
detection  performance  at  short  ranges  only  due  to 
atmospheric  loss,  the  short  radar  transit  time  can 
be  used  to  advantage.  The  advantage  results  if  a 
single  master  oscillator  is  used  to  generate  both 
the  transmit  and  the  receiver  local  oscillator 
sigrals.  Correlation  of  the  transmitted  signal, 
delayed  by  the  propagation  time  to  the  target  and 
back,  with  the  local  oscillator  reference  signal 
will  suppress  the  phase  noise  near  the  carrier. 
Phase  noise  far  removed  from  the  carrier  is  degrad¬ 
ed  by  3  dB.  The  corner  frequency  occurs  when: 

^corner  =  1/(4  T ^ ) 

where  Tj  is  the  propagation  time  to  the  target  and 
back.  Below  the  corner  frequency  phase  noise  is 
suppressed  by  20  dB  for  each  decade  decrease  in 
frequency.  At  the  corner  frequency  the  phase  noise 
is  3  dB  greater  than  the  phase  noise  of  the  stable 
source.  At  two  times  the  corner  frequency,  the 
phase  noise  has  increased  an  additional  3  dB;  how¬ 
ever,  the  average  degradation  is  only  3  dB  when 
considering  the  spectrum  out  to  the  receiver  IF 
bandwidth. 

The  system  carrier-to-single  sideband  phase 
noise  ratio  (C/SSB)  can  be  defined  in  terms  of  the 
factors  discussed  above.  For  frequencies  out  to 
the  PRF/2,  the  ratio  is  set  by  the  value  of  the 
sub-clutter  visibility  that  is  desired.  Since  it 
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is  most  common  to  express  the  phase  noise  in  terms 
of  a  per  unit  bandwidth,  the  doppler  filter  band¬ 
width  (doppler  resolution  cell)  must  be  multiplied 
times  the  sub-clutter  visibility  value  to  btain 
the  normalized  C/SSB.  If  it  is  desired  that  the 
tarqet  signal  appearing  in  a  particular  doppler 
resolution  cell  have  a  specified  ratio  to  the 
noise  in  the  cell,  then  this  ratio  (SNR)  must  be 
multiplied  times  the  normalized  C/SSB  to  obtain 
the  improved  C/SSB.  Two  other  factors  must  also 
he  considered.  First,  since  range-gated  sampling 
will  raise  the  noise  level  in  the  frequency  inter¬ 
val  under  consideration.  it  must  be  taken  into  ac¬ 
count.  This  can  be  accomplished  by  requiring  that 
the  sum  of  the  folded  noise  (normalized)  contri¬ 
bute  at  the  same  level  as  the  noise  in  the  freq¬ 
uency  interval  under  consideration.  Multiplying 
the  improved  C/SSB  by  two  then  takes  the  folding 
into  account.  The  second  factor  is  the  correla¬ 
tion  effect  associated  with  using  a  single  stable 
source.  The  correlation  factor  can  be  expressed 
as : 

CF = 2 ( l-cos(2  n f0ff<;et  ^d))  for  ^offset  ^corner 
where  f0ff$et  is  the  frequency  offset  from  the 
carrier,  and 

Zf  -  2  for  f0ffset  >  f corner’ 

Sunitiari zi ng  in  the  form  of  an  equation: 

C/SSB(foffset)  =  SCV  X  DRC  X  SNR  X  2  X  CF  (Hz) 
for  2XDRC  <f  off  set  <  m/z  where  SCV  's  the  de* 

sired  sub-clutter  visibility  and  DRC  is  the  doppler 
filter  bandwidth  in  Hertz. 

For  frequencies  from  PRF/2  to  half  the  re¬ 
ceiver  IF  bandwidth  (BW j p )  the  phase  noise  spec¬ 
tral  density  function  must  be  such  that  range- 
gated  sampling  contribute  no  more  than  half  the 
total  noise  power  that  appears  in  the  frequency 
interval  to  the  PRF/2.  Considerable  flexibility 
can  be  exercised  in  describing  this  function, 
fine  simple  form  is: 

C/SSB  (f0ffset)  =  scv  x  DRC  X  SNR  X  2  X  CF  X 
BWIF/(2XPRF) 

for  PRF/2  <f0ff set  <  bw1F/2- 

For  the  purpose  of  illustration,  a  particular 
set  of  system  parameters  have  been  selected.  The 
system  phase  noise  specification  will  be  derived 
for  this  example  and  system  data  collected  under 
the  selected  parameters  will  be  presented  later  in 
the  paper.  A  large  stationary  target  is  present 
at  a  range  of  2.46  km.  Assume  that  a  small  moving 
target  40  dB  smaller  in  cross-sect  ion  is  present 
in  the  same  range  cell.  Target  motion  is  such 
that  a  6  Hz  doppler  resolution  cell  is  appropriate. 
The  system  will  be  operated  at  a  PRF  of  2.6  KHz 
and  a  612-point  discrete  transform  will  be  per¬ 
formed  to  produce  the  filtering  function.  The 
100  ns  pulsewidth  sets  the  receiver  IF  bandwidth 


at  12  MHz.  Figure  4  shows  one  phase  noise  spec¬ 
tral  density  function  that  will  meet  the  require¬ 
ments  for  moving  target  detection  at  a  SNR  of  1. 
Note  that  two  discontinuities  are  present.  The 
function  requires  a  higher  performance  level  from 
100  KHz  out  to  6  MHz  so  that  the  requirements  from 
1.26  KHz  to  100  KHz  can  be  relaxed. 

Figure  4  represents  the  system  phase  noise 
specification.  A  family  of  these  curves  can  be 
generated  for  various  PRF's  and  a  worst  case  spec¬ 
ification  derived  from  them;  however,  the  end  re¬ 
sult  will  not  differ  significantly  from  Figure  4. 


ncamcv  offht  mm  cum  m> 

Figure  4.  System  Phase  Noise  Specification 


System  Signal  Generation 

The  signal  generation  approach  that  was  se¬ 
lected  to  meet  the  system  spectral  purity  require¬ 
ments  is  shown  by  the  block  diagram  in  Figure  6. 
The  primary  signal  path  is  highlighted  with  bold 
interconnecting  lines.  All  signals  including  the 
system  timing  are  derived  from  a  single  100  MHz 
stable  source.  The  100  MHz  signal  is  used  as  a 
reference  to  phaselock  a  transistor  oscillator  op¬ 
erating  at  7.8  GHz.  This  oscillator  was  designed 
to  achieve  low  noise  performance  for  coinnunica- 
tions  applications.  The  phaselock  bandwidth  is 
approximately  100  KHz.  At  frequencies  greater 
than  the  loop  bandwidth,  the  system  noise  is  de¬ 
termined  by  the  free  running  characteristics  of 
the  transistor  oscillator.  The  multiplied  phase 
noise  of  the  100  MHz  source  sets  the  system  per¬ 
formance  for  frequencies  within  the  loop  band¬ 
width.  The  7.8  GHz  signal  drives  a  harmonic  mixer 
to  mix  its  twelfth  harmonic  with  the  output  of  a 
Gunn  oscillator  operating  at  93.5  GHz.  The  100 
MHz  difference  signal  from  the  mixer  is  compared 
in  a  phase  detector  with  the  signal  from  the  100 
MHz  stable  source.  The  output  of  the  phase  detec¬ 
tor  is  used  to  phaselock  the  Gunn  oscillator.  The 
loop  bandwidth  of  this  phaselock  oscillator  is 
slightly  greater  than  10  MHz.  The  output  power  of 
the  phase  locked  Gunn  oscillator  is  divided  equally 
between  two  paths.  One  path  provides  the  local  os¬ 
cillator  signal  for  the  receiver  balanced  mixer, 


Figure  5.  System  Signal  Generation  Technique 


the  second  path  drives  an  injection  locked  IMPATT 
oscillator.  This  GW  oscillator  is  used  to  amplify 
the  small  (♦SdBm)  signal  from  the  Gunn  oscillator 
to  a  power  level  of  *17d8m.  The  injection  locked 
bandwidth  of  the  CW  IMPATT  oscillator  is  greater 
than  700  MHz.  The  output  of  this  oscillator  drives 
a  single-sideband  upconverter.  The  second  input 
to  the  upconverter  is  a  time  gated  1.3  GHz  signal 
that  is  obtained  by  multiplying  a  sample  of  the 
100  MHz  stable  source  by  thirteen  and  then  gating 
it  with  a  diode  RF  switch.  The  gate  time  (pulse- 
width)  is  determined  by  the  selected  system  pulse- 
width.  The  pulsed  94.8  GHz  upconverter  output 
signal  is  applied  to  a  two-stage  pulsed  IMPATT 
injection  locked  oscillator  assembly.  The  two 
oscillators  are  gated  on  for  140  ns.  The  pulsed 
injection  signal  is  present  during  the  latter  100, 
SO,  or  25  ns  of  the  140  ns  pulse  depending  on  the 
system  pulsewidth  selection.  The  free  running 
pulsed  oscillator  spectrum  falls  outside  the 
matched  receiver  bandwidth  and  doesn't  result  in 
detectable  target  time  sidelobes.  The  two-stage 


pulsed  IMPATT  oscillators  amplify  the  upconverter 
output  signal  (  *5dBm)  up  to  the  *30  dBm  level  at 
the  transmitter  antenna  input  port. 

The  5  ns  pulsewidth  is  achieved  via  nonlinear 
FM  pulse  compression  techniques  using  surface  a- 
coustic  wave  (SAW)  devices.  This  approach  was  se¬ 
lected  over  conventional  linear  FM  pulse  compres¬ 
sion  because  it  permits  better  control  of  time 
sidelobe  structure  and  mismatch  loss  at  the  small 
time-bandwidth  products  required  here  ( TB=  20 ) - 
The  expanded  transmit  pulse  is  obtained  by  impuls¬ 
ing  the  SAW  device  with  a  5  ns  sample  of  the  1.3 
GHz  signal.  The  impulsed  SAW  device  generates  a 
100  ns  nonlinearly  down-chirped  signal  that  is 
phase  referenced  to  the  system  stable  source  and 
covers  a  200  MHz  bandwidth.  The  down-chirp  ap¬ 
proach  was  selected  to  provide  a  more  natural 
match  to  the  thermally  induced  free  running  chirp 
to  be  expected  from  the  pulsed  IMPATT  oscillators. 
A  matching  SAW  compressor  is  located  in  the  re¬ 
ceiver  and  compresses  the  100  ns  transmitted  signal 
to  a  value  near  5  ns  having  time  sidelobes  down 
more  than  23  dB  relative  to  the  peak  of  the  main 
1  obe. 

The  signal  flow  for  the  frequency  agile  mode 
is  not  shown.  Briefly,  a  stepping  synthesizer, 
which  covers  the  range  of  97.34  to  97.66  MHz  serves 
as  a  reference  (in  place  of  the  100  MHz  signal)  to 
the  Gunn  phaselock  assembly.  A  times  eighty  multi¬ 
plied  version  of  the  synthesizer  output  replaces 
the  7.8  GHz  signal  to  the  phase  locked  Gunn  osci¬ 
llator.  This  produces  an  output  signal  that  steps 
in  9  MHz  steps  over  a  144  MHz  band  at  93.5  GHz. 

A  photograph  of  the  transmitter  assembly  is 
shown  in  Figure  6.  The  transistor  oscillator 
phaselock  subassembly,  phase  locked  Gunn  oscilla¬ 
tor,  and  receiver  balanced  mixer  are  shown  on  the 
right.  The  CW  injection  locked  oscillator,  bal¬ 
anced  upconverter,  and  two-stage  pulsed  IMPATT 
oscillators  are  on  the  left. 


Figure  6.  Photograph  of  Transmitter  Hardware 


System  Stability  Measurements 
Stable  Source  Performance 


The  phase  noise  performance  of  the  1 UO  MHz 
stable  source  was  measured  by  constructing  two 
"nearly"  identical  sources.  One  source  was  de¬ 
signed  with  an  electronic  tuning  capability.  The 
tuning  mechanism  was  lightly  coupled  to  prevent 
the  introduction  of  extraneous  noise.  The  two 
oscillators  were  locked  together  with  a  narrow 
bandwidth  phaselock  lr  the  loop  bandwidth  was 
approximately  10  Hz.  The  phase  detector  output 
was  amplified  by  a  low  noise  F E T  video  amplifier 
and  applied  fo  a  low  frequency  spectrum  analyzer 
(HP35H5A).  The  spectrum  of  the  phase  demodulated 
signal  was  recorded  from  20  Hz  (twice  the  loop 
bandwidth)  out  to  100  kHz.  The  phase  noise  spec¬ 
tral  density  was  then  calculated  assuming  equal 
notse  contributions  from  both  sources.  the  re¬ 
sults  of  this  measurement  are  shown  in  figure  7. 
Also  shown  in  the  figure  is  the  system  specifica¬ 
tion  translated  to  100  MHz.  The  translation  a- 
mounts  to  h? .  5dB ,  It  is  seen  that  adequate  per¬ 
formance  has  been  achieved. 

The  same  measurement  technique  was  used  to 
evaluate  the  noise  characteristics  at  1300  MHz 
(figure  5  point  B).  A  times  thirteen  frequency 
multiplier  is  used  on  the  second  source  to  create 
a  drive  signal  to  a  phase  detector  at  1300  MHz. 
The  oscillators  are  phase  locked  at  the  100  MHz 
frequency.  Figure  8  displays  the  results  of  this 
measurement.  Again,  the  measured  data  supports 
the  system  requirement. 

Phase  Locked  Gunn  Oscillator  Performance 
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f  igure  7.  Measured  100  MHz  Stable  Source  Phase 
Noi  se 


The  phase  noise  was  measured  at  93.5  GHz  by 
comparison  with  a  second  source  that  was  derived 
completed  by  multiplication  from  a  "clean"  97  MHz 
oscillator.  The  multiplied  source  was  mixed  with 
a  sample  of  the  system  phase  locked  Gunn  oscillator 
injection  locked  IMPATT  oscillator  combination  to 
produce  a  difference  frequency  near  300  MHz.  the 
difference  signal  was  applied  to  a  spectrum  ana¬ 
lyzer  with  a  1  kHz  bandwidth.  The  results  of  this 
measurement  adjusted  to  a  1  Hz  bandwidth  is  shown 
in  Figure  9.  No  secondary  tests  were  performed  to 
verify  which  of  the  two  sources  dominate;  however, 
the  two  roise  plateaus  in  the  vicinity  of  10G  kflz 
and  10  MHz  seem  to  indicate  the  phase  locked  osci¬ 
llator  dominates.  The  system  specification  is  re¬ 
peated  in  this  figure  for  reference. 

The  measurement  described  above  at  93.5  GHz 
was  limited  to  an  evaluation  of  the  spectrum  from 
2  kHz  out  to  greater  than  10  MHz.  To  examine  the 
"close-in"  spectrum,  a  separate  experiment  was  per¬ 
formed.  Figure  10  shows  a  block  diagram  of  the 
measurement  technique  that  was  used.  The  test  pro¬ 
vides  a  measure  of  the  additive  phase  noise  pro¬ 
duced  hy  the  CW  injection  locked  [MPATT  oscillator. 
The  system  transmitter  supplies  a  large  fraction 
of  the  test  signals.  The  only  modification  requir¬ 
ed  to  the  transmitter  unit  was  to  operate  the  1.3 
Ghz  signal  into  the  upconverter  CW  rather  than  the 
normal  time  gated  manner.  For  "close-in"  data  an 
HP5390  Phase  Noise  Analyzer  was  used.  An  HP8b6UC 
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figure  8.  Measured  1.3  GHz  Phase  Noise 
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Figure  9.  Gunn  PLO  Phase  Noise  at  93.5  GHz 
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figure  10.  Measurement  Technique  for  Injection 
Locked  IMPATT  Oscillator  Additive 
Phase  Noise  at  94.8  GHz. 


frequency  Synthesizer  was  used  to  produce  an  IF 
signal  near  60  kHz  for  application  to  the  analyzer. 
This  allows  measurements  from  very  near  the  carrier 
out  to  10  kHz.  Over  this  same  spectrum,  the  HP8660C 
was  measured  at  1.3  GHz  and  found  to  he  nearly  20 
dB  lower  in  noise.  A  typical  phase  locked  system 
was  used  to  measure  the  additive  noise  further  away 
from  the  carrier.  The  phaselock  is  accomplished 
by  referencing  the  synthesizer  to  the  system  stable 
source.  The  effective  loop  bandwidth  is  less  than 
100  Hz.  The  result  of  the  additive  phase  noise 
measurement  is  shown  in  Figure  11.  It  can  be  seen 
by  comparison  with  Figure  9,  that  the  additive 
noise  is  greater  than  the  total  noise  in  the  range 
from  2  to  100  kHz.  Obviously,  this  should  not  be; 
however,  considering  the  difficulties  involved 
in  mak i ng  phase  noise  measurements  at  96  GHz,  the 
10  to  15  dB  discrepancy  is  not  a  major  surprise. 


Figure  11.  Measured  Additive  Phase  Noise  at  94.8GHz 


System  Sub-Clutter  Visibility 

During  initial  system  operating  tests,  the 
i nstrumentat ion  hardware  was  set  up  in  an  elevated 
test  station  overlooking  the  TI  antenna  range.  The 
system  was  used  to  record  radar  returns  from  both 
fixed  and  moving  ground  targets.  A  number  of  runs 
were  conducted  using  a  variety  of  radar  parameters. 
One  experiment  in  particular  was  devised  to  evalu¬ 
ate  sub-clutter  visibility  performance.  A  large 
stationary  target  was  located  at  2.46  kM  and  illu¬ 
minated  with  a  100  ns  pulse  train  at  a  2.5  kHz 
repetition  rate.  A  full  CPI  was  recorded  and  pro¬ 
cessed  off-line.  The  off-line  processing  consisted 
of  performing  a  complex  discrete  Fourier-transform 
using  512  data  points  from  the  CPI.  The  result  of 
the  off-line  processing  is  shown  graphically  in 
Figure  12.  An  expanded  frequency  scale  was  select¬ 
ed  that  shows  the  doppler  performance  near  the 
carrier.  The  stationary  target  is  seen  in  the 
zero  doppler  cell  at  a  relative  amplitude  of  +10dB. 
The  power  in  the  second  doppler  cell  at  9.76  Hz  has 
a  relative  amplitude  of  -31dB,  and  demonstrates  a 
sub-clutter  visibility  greater  than  40dB.  Although 
not  shown,  the  doppler  spectrum  was  examined  out  to 
2.5  kHz  and  most  cells  displayed  greater  than  40dB 
visibility.  It  should  be  commented  here  that  the 
visibility  limit  could  be  a  result  of  system  ther¬ 
mal  noise  and  not  phase  noise.  The  thermal  noise 
floor  is  set  by  the  4-bit  A/D  drive  requirements 
and  the  processing  gain.  In  other  words,  the  sys¬ 
tem  phase  noise  performance  supports  the  40dB  sub¬ 
clutter  requirement  at  the  minimum  and  could  be 
significantly  better. 


Figure  12.  System  Performance  Data  for  a  Large 
Stationary  Target  at  2.46  km 


Conclusion 


A  mil  hmeter-wave  i  nstrumentat  ion  radar  system 
has  been  described.  The  principal  components  of 
the  system  are  a  95  GHz  transceiver,  a  data  acqui¬ 
sition  system,  and  a  digital  recorder.  The  com¬ 
bined  elements  of  the  system  provide  a  high  degree 
of  flexibility  in  data  collection  and  signal  pro¬ 
cessing.  Radar  returns  may  be  processed  coherent¬ 
ly  and  mapped  into  a  variety  of  range,  amplitude, 
and  doppler  combinations. 
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Specifically,  phase  locked  Gunn  oscillators 
have  demonstrated  the  degree  of  spectral  purity 
required  to  support  the  coherent  signal  processing 
of  radar  returns  at  mi  1 1 imeter-wave  frequencies. 
A  cascade  chain  of  pulsed,  injection  locked, 
IMPATT  oscillators  have  provided  transmitter  signal 
amplification  at  15  GHz  while  preserving  signal 
coherence.  A  phase  controlled  waveform  using  a 
SAW  pulse  compression  expander  has  been  amplified 
by  pulsed,  injection  locked,  IMPATT  oscillators. 
The  target  return  has  been  compressed  in  a  matched 
filter  providing  a  range  resolution  better  than  lm. 
The  compressed  waveform  has  been  coherently  pro¬ 
cessed. 

In  general,  it  can  be  concluded  that  a  solid- 
state  millimeter-wave  radar  can  be  realized  in  a 
form  supportive  of  high-resolution  range  and  dop- 
pler  performance. 
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Ah st raet 

The  capacity  of  a  i iber-optic  transmission 
s vs  ten  can  be  increased  dramatically  hv  optically 
combining  light  at  different  wavelengths  from 
several  sources  onto  a  single  fiber.  The  technique 
is  analogous  to  the  current  practice  of  frequency 
division  multiplexing  in  electrical  transmission 
systems.  Dnf ortunatel v ,  while  the  linewidth  of 
semi-conductor  laser  sources  is  very  small,  uncer¬ 
tainties  resulting  from  thermal  drift,  manufactur¬ 
ing  variation,  and  other  effects  require  a  large 
window  for  each  wavelength.  Thus,  existing  tech¬ 
nology  allows  only  relatively  poor  use  of  the 
available  fiber  transmission  bandwidth. 

This  paper  will  describe  limitations  on  wave¬ 
length-multiplexed  system  channel  capacity  which 
result  from  instabilities  of  currently  available 
sources  and  character ist ics  of  optical  filters  and 
gratings.  Finally,  the  requirements  for  improved 
source  stability  and  multiplexer  performance  will 
b«  outlined  and  the  resulting  opportunities  for 
I  urge-*  ap.ac  i  t  v  systems  will  be  described. 

Int  rod  tic  t  ion 

While  the  wide  transmission  band  capabilities 
of  fiber-optic  systems  are  well-known,  practical 
considerations  often  limit  the  bandwidth  to  lower 
values.  In  particular,  the  difficulties  associated 
with  generating  and  electronically  multiplexing 
verv  high  bit- rate  digital  signals  and  limitations 
<  f  span  length  resulting  from  pulse  distortion  in 
the  fiber  place  economic  limits  on  the  use  of  fiber 
bandwidth .  Manv  of  these  problems  can  be  overcome 
hv  optically  combining  (multiplexing)  light  of  dif¬ 
ferent  wavelengths  from  several  sources  onto  a 
single  fiber.  An  analogous  situation  has  existed 
tor  many  years  in  f requenev-d i v I s ion-mnl t i p 1 exed 
transmission  systems.  Figure  1  illustrates  the 
dramat  i  c.i  1 1  v  increased  capacity  of  the  I. -multi¬ 
plexed  coaxial  systems  ov.r  the  past  fortv  years. 
This  growth  has  resulted  partly  from  increasing  the 
number  of  coaxial  tubes  per  sheath  from  4  to  22, 
but  even  mere  sign i f leant  1 y  by  an  increase  from  600 
t<>  if), 800  voice  'hannels  per  tube  through  improve¬ 
ments  in  f requem  v  multiplexing.  For  comparison, 
flie  capacity  of  .1  full  fiber  cable  (144  fibers) 
which  carries  digital  optical  pulses  at  90  Mb/s  has 
1  tWM-w.iv  channel  capacity  of  just  less  than 
100,000  volte  c  i  r<  uits,  somewhat  less  than  the  L5 
sy  st  <-tn . 


PA  18103 

One  of  the  practical  problems  limiting 
further  expansion  through  time-division  multi¬ 
plexing  (TDM)  is  the  reduction  of  maximum  span 
length  as  bit  rate  increases.  This  effect  is  il¬ 
lustrated  in  Figure  2,  where  fiber  losses  of  3  dB 
or  1.5  dB  per  kilometer  and  a  1  .  3i  m  laser  source 
are  assumed.  These  curves  are  for  multi-mode 
fiber,  so  that  the  limitation  in  path  length  is 
largely  the  result  of  modal  dispersion  which 
results  in  intersymbol  interference.  Much  longer 
spans  at  higher  bit  rates  can  be  achieved  using 
single-mode  fiber,  but  there  are  additional 
practical  problems  for  this  case  as  well. 

Wavelength-division  multiplexing  on  the  other 
hand,  can  complement  time-division  multiplexing  at 
anv  bit  rate  and  offers  the  potential  of  future 
growth  comparable  to  that  we  have  seen  for  the  FDM 
systems.  The  optical  frequencies  are  high  enough, 
about  101  Hz,  that  negligible  band  broadening 
occurs  for  any  practical  modulation  frequency. 

This  situation  is  in  contrast  to  that  of  FDM  where 
the  bandwidth  is  determined  by  the  modulation 
frequency.  To  a  large  extent,  the  improvements  in 
capacity  of  FDM  systems  were  made  possible  by 
improvements  in  crystal  oscillators  and  filters. 

In  optical  systems,  the  laser  assumes  the  place  of 
the  electronic  oscillators  and,  as  we  shall  show, 
even  modest  improvements  in  laser  stability  can 
present  a  significant  opportunity  for  improved 
system  design. 

Figure  3  illustrates  possible  uses  for  WDM: 
in  addition  to  simultaneous  transmission  of 
several  channels  in  one  direction,  it  is  also  pos¬ 
sible  to  design  bidirectional  systems.  Identical 
optical  components  can  be  used  in  either  case, 
although  the  increased  cross-talk  requirements  for 
bidirectional  transmission  will  generally  require 
better  performance  from  the  filtering  technology. 

It  is  the  intent  of  this  paper  to  estimate 
the  limits  to  the  capacity  of  multimode  wavelength- 
multiplexed  systems  using  lasers.  There  are  three 
principal  contributors  to  these  limits  which  will 
be  discussed:  (1)  the  available  wavelength  re¬ 
gions,  as  determined  by  the  fibers  and  sources, 

(2)  the  filtering  technology,  which  determines 
minimum  guard  spacing  between  channels,  and 

(3)  channel  width  and  source  stability,  that  is, 
the  space  required  for  a  single  TDM  channel.  We 
will  not  consider  here  single-mode  systems  or 

I  .HD-based  systems. 
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Wavelength  K eg Ions 


The  wavelength  regions  for  useful  fiber  optic 
systems  are  determined  by  available  source  wave¬ 
lengths  and  low-loss  regions  in  the  fiber.  Prac¬ 
tical  systems  require  the  use  of  semiconductor 
lasers  which  are  available  in  wavelength  ranges 
of  0.8  to  0.9pm  (OaAlAs)  and  also  for  1.1  to  1.6pm 
(In(-aAsP).  Figure  4  shows  a  typical  loss  char¬ 
acteristic  for  a  kilometer  of  fiber,  together  with 
cross-hatched  areas  indicating  those  low-loss 
regions  where  sources  are  available.  Obviously, 
the  edges  of  the  three  bands  shown  are  not  well- 
defined,  but  for  purposes  of  estimating  channel 
capacity  we  mav  roughly  consider  three  bands  of 
0.80  -  0.90pm,  1.10  -  1 . 35pm,  and  1.45  -  1.60pm. 
Mill  has  examined  the  capacity  of  wavelengtlj  multi¬ 
plexed  systems  in  the  0.80  -  0.90pm  region. 

Losses  in  these  bands  will  be  in  the  range  of  1  to 
5  JB/dm  for  cabled  optical  fibers. 


The  chromatic  dispersion  in  the  fiber  will 
affect  span  length,  and  it  is  important  to  observe 
that  it  is  not  possible  to  optimize  the  dispersion 
over  the  entire  hand.  So  for  long  spans  nr  very 
high  bit  rates,  the  need  to  limit  dispersion  to 
some  small  value  may  narrow  the  available  region 
for  multiplexing  to  something  less  than  shown  here. 
This  is  an  important  system  consideration  which 
depends  on  the  specific  application.  It  will  not 
be  further  discussed  here,  however,  as  we  are  in¬ 
terested  in  determining  the  maximum  potential 
multiplexed  capacity. 


Mul tiplexing  Devices 

There  are  two  general  classes  of  wavelength 
multiplexing  or  demultiplexing  devices  which  have 
received  extensive  attention  in  the  literature: 
(1)  those  relying  on  optical  interference  filters 
to  reflect  some  wavelengths  while  passing  others, 
and  (2)  dispersive  devices  relying  on  a  diffrac¬ 
tion  grating  to  separate  the  wavelengths  spatial¬ 
ly. 


Figure  5  illustrates  the  principal  of  a  twn 
channel  interference  demultiplexer.  The  input 
light  from  the  common  (transmission)  fiber  is  col¬ 
limated  by  the  first  lens  onto  the  dichroic 
filter.  In  the  case  of  a  long  wave  pass  filter, 
this  light  will  be  reflected  or  transmitted  ac¬ 
cordingly  as  its  wavelength  is  below  or  above  the 
transition  region.  Reflected  light  is  refocussed 
by  the  first  lens  onto  one  output,  fiber  while 
transmitted  light  is  refocussed  by  a  second  lens 
onto  a  second  output  fiber.  The  identical  device 
also  serves  as  a  multiplexer.  A  convenient  real i - 
zation  of  this  device  using  gradient  index  (0RIN) 
lenses  is  also  shown  in  Figure  5.  These  lenses 
are  simply  right  cylinders  of  glass  in  which  the 
Index  of  refraction  varies  radically.  Cut  to  the 
proper  length  they  act  as  collimating  lenses  and 
allow  a  solid  structure  free  of  air-glass  reflec¬ 
tions.  In  such  a  conf igurat Ion,  the  interference 
multiplexer  should  have  losses  less  than  1  dB. 

More  than  two  channels  may  be  accommodated  by 
cascading  two  or  more  of  these  devices,  or  by 
using  tilted  filters  and  multiple  reflections. 


usually  at  the  price  of  Increased  loss  or  polari¬ 
zation  sensitivity.  The  grating  demultiplexer 
offers  a  more  attractive  alternative  for  larger 
numbers  of  channels.  This  device,  illustrated  in 
Figure  6,  uses  a  common  lens  for  all  channels.  The 
dispersion  of  the  grating  results  in  the  output 
channels  appearing  in  a  linear  array  at  the  focal 
plane  of  the  lens.  The  same  device  can  also  serve 
as  a  multiplexer.  A  gradient  Index  lens  design^ 
results  in  a  very  compact  structure  less  than  1  cm 
long,  although  in  practical  use  the  need  to  array 
the  fibers  and  limit  bend  radii  may  result  in  a 
larger  package  as  shown  in  Figure  7.  One  disad¬ 
vantage  of  the  grating  device  is  that  any  variation 
In  source  wavelength  will  appear  as  a  lateral  dis¬ 
placement  at  the  output  which  will  result  in  ad¬ 
ditional  loss  at  the  desired  fiber  and  possibly 
crosstalk  into  the  adjacent  fibers.  This  feature 
makes  it  desirable  to  use  a  larger  output  fiber 
than  the  input  fiber  In  order  to  widen  the  band¬ 
width.  Such  a  design  change  may  preclude  use  of 
this  device  as  a  multiplexer.  Hence,  while  well 
controlled  source  wavelengths  may  dictate  both  a 
grating  multiplexer  and  demultiplexer,  a  system 
may  consist  of  a  filter  multiplexer  and  a  grating 
demultiplexer  for  optimum  performance  with  poor  or 
moderate  control. 

We  have  studied  experimentally  the  cross-talk 
and  insertion  loss  of  these  devices,  and  Inferred 
the  minimum  guard  band  required  between  channels. 

A  typical  response  for  a  filter  device  is  illus¬ 
trated  in  Figure  8.  Here  it  may  be  seen  that  for 
15  dB  of  crosstalk  isolation  the  transition  region 
is  about  1 50A  for  a  high-quality  interference 
filter.  In  addition,  a  similar  margin  must  be 
allowed  for  filter  drift  and  manufacturing  varia¬ 
tion.  A  reasonable  guard  Land  is  about  300  to 
400A.  For  a  typical  grating  device  (Figure  9),  the 
transition  region  depends  on  the  hand  shape 
(grating,  lens,  fiber  sizes  and  splicings)  and  re¬ 
quires  less  tolerance  for  variation.  A  minimum 
guard  band  of  2  to  1  times  the  channel  width  is  a 
reasonable  estimate  for  grating  multiplexers.  In 
addition,  for  grating  demultiplexers,  with  a  mini¬ 
mum  guard  band  of  about  0.4  times  the  channel 
width,  crosstalk  isolation  improves  dramatically 
awav  from  the  hand  edges  which  may  result  in  sub 
stantially  better  system  performance  than  for  the 
filter  devices. 


Source  Stability 


Very  large  channel  capacities  are  in  principle 
possible  with  demonstrated  multiplexing  and  de¬ 
multiplexing  devices.  One  must  now  consider, 
however,  the  sources  themselves  to  allow  sufficient 
wavelength  space  for  each  of  the  individual  chan¬ 
nels.  Figure  10  shows  schematically  the  various 
contributions  to  channel  width  arising  from  OaAlAs 
laser  source  variations.  These  variations  tend  to 
increase  with  increasing  laser  wavelength.  A 
typical  mviltimode  laser  source  consists  oi  several 
very  narrow  (-2  nm)  laser  lines.  There  is  neg¬ 
ligible  broadening  of  this  basic  10-50  nm  ltne- 
width  from  the  information  signal  since  the  carrier 
frequency  in  the  case  of  lightwave  systems  is 
about  10* 44  Hz,  far  above  any  present  or  envisioned 
modulation  frequency.  Rather,  the  channel  width 
will  be  determined  by  variations  about  this 


nominal  wavelength  arising  from  manufacturing 
variation,  aging,  and  temperature  fluctuations. 

This  situation  is  in  considerable  contrast  to  the 
analog  frequency  division  multiplexed  systems 
where  crystal  oscillators  have  resulted  in  an 
extremely  stable  nominal  frequency,  and  the  mod¬ 
ulation  sidebands  determine  channel  width. 

As  shown  In  the  figure,  manufacturing  varia¬ 
tion  is  a^out  20  nm.  (It  and  others  will  depend 
on  the  wavelength  and  type  of  laser.)  To  this 
must  be  added  about  5  nm  of  allowance  for  aging 
and  about  20  nm  or  more  to  allow  for  a  temperature 
coefficient  of  wavelength  of  about  3A/°c.  The 
total  variation  is  thus  about  45  nm;  as  a  result 
only  about  3  to  5  channels  can  be  accommodated 
with  current  source  technology  despite  the  larger 
potential  capacity  of  these  devices. 

Fortunately,  all  of  these  variations  are  con¬ 
trollable  to  some  extent,  thus  offering  the  poten¬ 
tial  for  substantial  future  improvements  in  system 
design.  These  methods  of  control  fall  into  several 
categories : 

1.  Device  selection.  By  sorting  the  manu- 
tactured  device  bv  wavelength,  one  can  effectively 
limit  the  uncertainty  from  this  source,  indepen¬ 
dent  lv  from  any  improvements  In  wavelength  control 
in  manufacture,  but  at  the  expense  of  manufacturing 
yield. 

2.  Temperature  control.  Especially  where 
wide  variations  in  ambient  temperature  are  ex¬ 
pected,  the  control  of  temperature  to  a  narrow 
range  will  effectively  remove  this  source  of  wave¬ 
length  variation.  Generally,  however,  It  will  be 
necessarv  to  use  cooling  devices  to  control  the 
temperature  to  avoid  excessive  degradation  of 
laser  lifetime. 

3.  Feedback  stabilization.  Several  methods 
for  external  control  of  semiconductor  laser  fre¬ 
quencies  have  been  descr ibed . ^  These  include 
the  use  of  an  internal  Bragg  reflector  to  select 
the  feedback  wavelength  or  the  use  of  an  external 
cavltv  either  with  or  without  wavelength-selective 
reflection.  It  is  likely  that  for  successful 
operation  in  a  system  a  combination  of  feedback 
control  and  temperature  control  would  be  required, 
and  the  degree  of  stabilization  will  depend  on  the 
details  of  Implementation.  Considerable  work 
remains  in  this  area  to  produce  a  practical  system 
using  feedback  control  of  laser  wavelength,  but 
the  largest  improvements  in  capacity  are  likely 

t"  result  from  this  development,  since  aging  and 
manufacturing  variation  will  now  be  directly 
<  <  mipen.sat  ed  . 

Cone  1 us ions 

b'sing  the  assumptions  on  demultiplexer  device 
performance  and  laser  stabilization  described 
above,  one  can  now  compute  tin*  required  wavelength 
allowance  per  channel  (channel  width  plus  guard 
band).  This  is  not  a  firm  number  because  of 
variations  in  system  environment,  required  span 
lengths,  loss  margins,  crosstalk  requirements, 
and  so  forth.  Nonetheless,  it  will  provide  a  sug¬ 


gestion  of  the  potential  capacity  Improvements  and 
those  developments  of  highest  priority. 

Figure  11  shows  the  results  of  these  calcula¬ 
tions  assuming  the  worst  case  of  long  wavelength 
lasers.  The  required  allowances  for  current  tech¬ 
nology  are  indicated  on  the  left.  Filter  multi¬ 
plexers  and  demultiplexers  are  initially  assumed. 
Some  improvement  results  from  laser  selection,  but 
significant  improvement  begins  with  the  implementa¬ 
tion  of  temperature  control.  The  improvements 
resulting  from  +  15A,  +  10A,  and  +  5A  feedback 
control  are  next,  resulting  in  an  overall  reduction 
In  bandwidth  per  channel  of  a  factor  of  10.  Where 
feedback  stabilization  begins,  the  resulting 
increase  in  channel  capacity  will  be  large  enough 
to  indicate  the  use  of  grating  devices,  so  these 
are  assumed  for  the  second  half  of  the  progression. 

Now  from  this  information  on  channel  widths 
and  the  assumptions  on  available  source  wave¬ 
lengths,  one  can  estimate  the  corresponding  ex¬ 
pected  number  of  channels  as  a  function  of 
increasing  source  stability.  This  estimate  is 
shown  in  Figure  12,  where  the  ticks  on  the  abscissa 
correspond  approximately  to  the  technology  im¬ 
provements  indicated  in  Figure  11.  The  shaded 
regions  indicate  the  results  for  grating  demulti¬ 
plexers  assuming  either  15A  or  30A  minimum  line- 
width  allowance.  The  dashed  lines  indicate  limits 
using  only  interference  filter  devices.  As 
suggested  by  this  figure,  rather  large  increases 
in  overall  capacity  may  be  expected  in  the  future, 
with  the  most  significant  contributions  coming 
from  direct  feedback  stabilization  of  the  laser 
sources  themselves. 
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GROWTH  OF  MULTIPLEXED  CHANNEL  CAPACITY 
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Fig.  1  Growth  of  transmission  capacity  of 
L-mul tiplexed  coaxial  systems  and 
comparison  to  a  90  Mb/s  fiber-optic 
system. 


BIT  RATE  (Mb/s) 


Fig.  2  Dependence  of  maximum  span-length  on  bit 
rate  for  a  1.3pm  laser  system. 


TRANS  REC 


(c) 


Fig.  3  System  configurations  for  (a)  single  wave¬ 
length,  (b)  unidirectional  wavelength 
multiplexing,  (c)  bidirectional  wavelength 
mul t iplexing. 
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FIBER  LOSS  VS  WAVELENGTH 
AND  AVAILABLE  SOURCE  WAVELENGTHS 


WAVELENGTH^m) 


Fig.  4  Typical  uncabled  fiber  loss  versus 
wavelength . 


Fig.  6  Mul t i-channel  grating  demultiplexer: 

(a)  Principle  of  operation,  (b)  CRIN-lens 
realization  with  grating  affixed  to  prism. 


Fig.  7  Packaged  version  of  gradient  index  lens 
grating  demultiplexer. 


INSERTION  LOSS  (d8  OPTICAL)  *  TRANSMISSION  IdB  OPTICAL) 


8  Filter  multiplexer  transmission  (reflection) 
versus  wavelength. 


Fig.  9  Three-channel  grating  demultiplexer 
response . 


LASER  WAVELENGTH  INSTABILITIES 


TOTAL  VARIATION 


DEVIATION  FROM  NOMINAL  WAVELENGTH  (nm) 


Fig.  10  Contributions  to  channel  width  arising 
from  variation  of  the  laser  source 
wavelength  in  the  short  wavelength  band. 


MULTIPLEXER  WAVELENGTH  ALLOWANCES 


Fig.  11  Required  channel  allowances  as  a  function 
of  Increasing  laser  wavelength  stability 
in  the  long  wavelength  bands. 
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The  success  of  the  Global  Positioning 
System  (GPS)  satellite  program  rests  primarily 
on  the  reliability  and  performance  of  Cesium 
and  Rubidium  Atomic  Frequency  Standards  and 
Crystal  Oscillators.  GPS  can  point  with  pride 
to  two  years  of  successful  orbital  experience 
with  Rubidium  and  one  year  of  Cesium.  Program 
office  activites  and  on-orbit  performance  over 
the  last  six  months  are  summarized  in  this 
paper.  The  status  of  the  GPS  clock  program  is 
presented  with  special  emphasis  on  the  status 
of,  and  unfolding  plan  for,  the  GPS  User 
Segment . 


GPS  Clock  Program:  Present  and  Future 
Introduction 

The  past  six  months,  since  the  last 
published  status  of  the  GPS  clock  program, 
have  been  exceedingly  busy  for  the  Air  Force, 
Aerospace,  and  vendor  members  of  the  GPS  clock 
team.*  There  have  been  design  reviews,  clock 
data  reviews  and  "buy-offs,"  and  a  clock 
program  meet  1 ng . 

Clock  performance  on-orbit  has  been 
outstanding,  with  no  new  clock  failures.  The 
Rubidium  (Rb)  standard  on  Navstar  3  is  still 
going  strong  after  more  than  two  years  of 
continuous  operation.  Early  orbit  concerns 
about  the  Cesium  (Cs)  clock  in  Navstar  6  have 
been  allayed  by  our  improved  understanding  of 
zero-q  clock  operations.  We  have  recently  gone 
to  the  Cs  standard  in  Navstar  5  and  thereby 
doubled  the  rate  at  which  we  obtain  orbital 
experience  in  that  kind  of  clock. 

Reliability  is  the  major  GPS  clock  issue 
and  is  unlikely  to  pass  away  completely  in  the 
near  term.  In  the  early  days  of  GPS,  time  to 
run  clocks  on  the  qround  was  difficult  to 
obtain.  Today  we  are  dollar-1 imited  and 
somewhat  hobbled  financially,  in  part,  by  our 
orbital  success.  Were  we  having  more 
reliability  problems,  more  money  would  perhaps 
be  available  to  work  on  solutions.  A 
reasonable  case  can  be  made,  however,  that  all 
significant  mechanisms  of  infant  mortality  and 
mission- 1 imi ti ng  catastrophic  failure  have 
been  observed  and  eliminated.  We  are  made 
further  optimistic  by  the  fact  that  clock 
orbital  data  gathered  and  processed  shows  an 
excellent  correlation  with  data  taken  during 
ground  testing.  This  fact  makes  us  feel  that 
we  are  conducting  legitimate  long-term  tests  of 


our  clock  on-orbit  and  can  therefore  feel 
reasonably  confident  that  they  will  support  a 
nominal  mission.  Our  fingers  (and  toes)  are 
crossed. 

The  question  of  whether  to  proceed  with 
Cesium,  Rubidium,  or  both  has  been  largely 
answered  by  a  consensus  of  the  clock  experts 
who  spent  a  few  days  with  us  in  March  1981.  The 
words  "largely  answered"  are  used  because  the 
feeling  remains  that,  given  the  GPS  application 
of  atomic  clocks,  if  one  could  be  intelligent 
enough  about  modeling  techniques  and 
characterizing  clock  noise,  then  perhaps  clock 
differences  become  insignificant.  More  on  this 
1 ater. 

There  has  been  crystal  performance  on- 
orbit  of  itself  worth  mentioning.  Navstar  1 
has  relied  solely  upon  crystal  clocks  for  the 
last  16  months.  All  indications  are  that  the 
navigational  data  generated  by  this  satellite 
is  at  least  marginally  useful  in  the  short  term 
to  obtain  user  position  solutions,  if  not  for 
velocity  calculations. 

This  talk  will  conclude  with  a 
programmatic  discussion  of  the  GPS  user 
segment,  where  it  stands,  and  where  it  plans  to 
go  in  the  next  year  or  two. 

GPS  Navigation  System  Tutorial 

As  shown  in  figure  1,  the  GPS  navigation 
system  consists  of  three  segments:  Space, 
Control,  and  User.  The  Space  Segment  is  the 
set  of  orbitting  satellites,  each  one 
containing  redundant  atomic  clocks  which, 
running  one-at-a-time,  provide  precise  timing 
to  that  satellite's  Navigation  Subsystem 
(Nav).  Within  the  Nav,  several  functions  are 
performed  as  follows:  two  L-band  carriers,  LI 
and  L2,  at  1.575  GHz  and  1.227  GHz, 
respectively,  are  synthesized  from  the  10.23 
MHz  clock  output.  Two  pseudo-random  noise 
codes  (PRNC),  a  precision  (P)  code,  and  a  clear 
access  (C/A)  code  are  generated  based  upon  the 
clock's  timing,  and  ephemerides  and  clock 
modeling  data  for  the  whole  GPS  constellation 
are  impressed  upon  the  PRNC  in  a  modulo-2 
scheme.  The  P  and  C/A  codes  are  individually 
applied  to  the  Ll  carrier  through  bi-phase 
shift  key  modulation  and  then  the  two  modulated 
signals  are  combined  in  phase-quadrature  to 
form  the  output  signal  which  is  then 
transmitted  to  the  User  and  Control  Segments. 
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Periodic  updates  of  each  satellite’s 
ephemeris  and  clock  models  are  performed  by  the 
Control  Segment,  which  also  continuously 
predicts  the  major  parameters  of  total  GPS 
system  performance  using  a  Kalman  Filter.  The 
Control  Segment  consists  of  monitor  stations, 
located  in  Guam,  Hawaii,  Alaska,  and  Vandenberg 
AFB,  CA.,  with  primary  and  secondary  upload 
stations  located  at  Vandenberg  AFB,  CA.,  and 
Sunnyvale  AFS,  CA.,  respectively,  and  a  Master 
Control  Station  (MCS)  at  Vandenberg.  Put  in 
basic  terms,  the  monitor  stations  receive  the 
satellites'  L-band  Nav  signals  and  pass  them  to 
the  MCS  for  processing.  The  MCS,  using  a 
Kalman  Filter,  takes  the  raw  satellite  data, 
makes  the  known,  systematic  corrections, 
weighs  it  statistically  in  the  context  of 
previous  data,  compares  it  with  the  best 
available  reference,  and  then  outputs  its  "best 
guess"  as  to  the  behavior  of  the  several  major 
Space  and  Control  Segment  operating  parameters 
for  the  next  24  hours.  The  model  thus 
generated  is  uploaded  to  each  satellite  daily 
or  as  necessary  to  keep  the  satellites, 
individually  and  collectively,  operating  in  a 
usable  fashion.  The  reference  is  periodically 
refreshed  by  passing  data  from  Kalman  to  the 
Naval  Surface  Weapons  Center  for  generation  of 
a  new  reference. 

The  several  space  vehicles  transmit  the 
clock  and  ephemeris  information,  pertinent  to 
all  the  satellites,  by  impressing  it  upon  the 
two  L-band  carriers,  as  described  above. 
Special  equipment  of  the  User  Segment,  the  User 
Sets,  receive  and  process  this  data  and  develop 
a  navigation  solution  in  three-dimensional 
position  and  velocity,  and  time,  for  the 
specific  user.  Users  may  choose  from  an  array 
of  sets  to  be  discussed  in  more  detail  later. 
To  date,  users  have  successfully  employed  the 
GPS  Navigation  System  to  determine  their 
position  accurately  on  land,  at  sea,  and  in  the 
air.  The  Air  Force  has  used  it  convincingly  in 
exercise  bombing  runs,  as  has  the  Navy  for 
instrumentation  of  missiles  test-fired  at  sea. 


Clock  Program  Status 


The  previous  report  on  this  subject  was 
positive  and  optimistic. 1  Nothing  has  happened 
to  amend  that  view.  Our  primary  nemesis  of 
times  past,  the  Rb  lamp,  has  caused  us  no  new 
difficulties.  The  Aerospace  Corporation  has 
been  studying  the  lamp  failure  mechanism  over 
the  past  year  as  well  as  looking  at  ways  to 
ameliorate  the  situation.  Our  "fix"  which 
involved  using  a  "known,  adequate  Rb  fill" 
still  appears  to  be  a  good  one  and  the  added 
changes  of  going  to  other  lamp  materials  having 
lower  affinity  for  Rb  are  positive  perhaps  to 
the  point  of  overkill.  Aerospace,  in 
cooperation  with  EFRATOM,  Inc.,  is  continuing 
to  run  lamps  in  vacuum  by  way  of  reducing  our 
concern  in  this  area;  among  those  being  run  is 
a  Sapphire  lamp  which  may  well  be  the  right 
final  answer.  Diode  lasers  are  also  being 
studied  in  this  connection. 


Five  of  six  GPS  satellites  on-orbit  are 
considered  operational  at  this  writing. 
Navstar  1  is  running  on  its  last  functioning 
crystal  clock  and  providing  some  usable 
navigational  data.  Figure  2  is  recent  Kalman 
filter  data.  As  you  can  see,  its  drift  has 
been. negative  and  fairly  constant  at  about  -3  X 
10‘li/day.  Navstar  2  is  no  longer  considered 
useful  for  navigation,  but  is  still  functioning 
and  is  being  utilized  for  diagnostic  purposes. 
Navstar  3 1  s  Rb  clock  with  representative  Kalman 
data  in  figure  3,  went  over  the  two  year  mark 
on  20  January  1981.  Its  long-term  drift,  js  low 
and  constant,  on  the  order  of  -6  X  10_17day. 
Navstar  4's  Rb  standard  shows  similar 
performance,  figure  4,  and  likewise  low, 
constant  drift  of  approximately  -1.2  X  10” 
IJ/day.  Navstar  5  has,  for  nearly  two  months, 
been  operating  on  its  Cs  clock;  operation  is 
nominal  as  in  figure,  5  and  its  drift  is  on  the 
order  of  +2  X  10”1  /day.  The  Navstar  6  Cs, 
operating  now  for  over  a  year,  is  well 
characterized  in  data  and  is  exhibiting  almost 
no  long-term  drift;  it  is  fairly  noisy  in  the 
short-term,  but  has  essentially  no  long-term 
drift  at  all.  Figure  6  illustrates.  Aerospace 
Corporation,  Dr.  Fletcher  Wicker  in 
particular,  has  taken  orbital  data  from  the 
Control  Segment  and  generated  stability 
calculations  on  the  GPS  clocks.  Plots  for 
Navstars  3,  4,  5,  and  6  are  shown  in  figure  7. 
You  may  recall  from  my  PTT1  talk  that  the 
combination  of  rapidly  rising  ion-pump  current 
with  falling  beam  current  and  intermittent 
output  frequency  shifts  on  the  part  of  the 
Navstar  6  Cs  gave  us  considerable  concern  last 
summer. 1 

The  program  office  views  with  mixed 
emotion  the  fact  that  the  frequency  shifts  have 
not  been  observed  since  August  of  1980.  We 
are,  on  the  one  hand,  delighted  that  the 
frequency  shifts  are  no  longer  recurring,  but 
remain  concerned  over  the  fact  that  we  do  not 
know  what  caused  them  and  may  not  have  the 
chance  to  gain  further  perception  into  that 
problem.  Beam  current  and  ion-pump  current  are 
changing  only  very  slowly  now  and  a  long  beam 
tube  life  is  predicted.  Figure  8  graphically 
brings  this  matter  up  to  date.  Diagnostic 
testing  on  the  ground,  using  the  Cesium 
qualification  unit,  was  unsuccessful  in 
duplicating  the  problem  seen  on-orbit. 
Navstar’s  7  and  8  are  awaiting  launch  decisions 
and  are  presently  configured  to  have  three  Rb 
clocks  and  one  Cs  standard. 


GPS  User  Seg 


An  important  aspect  of  any  briefing  on  GPS 
must  be  to  discuss  the  present  utility  and  the 
anticipated  future  value  of  the  User  side  of 
the  system.  The  finest  satellite-borne  atomic 
clocks  in  the  world  will  do  us  no  good  if  the 
User  equipment  cannot  make  efficacious  use  of 
the  data  generated. 

The  User  Sequent  consists  of  the  several 
developmental  GPS  User  Sets  deployed  in  the 
field  by  the  four  Department  of  Defense 


branches  and  the  Coast  Guard  (to  name  lust  the 
primary  users)  which  arp  being  tested  under  all 
tactical  conditions.  A  GPS  User  Set  is  a  time 
and  frequency  measuring  receiver  combined  with 
a  navigation  data  computer.  The  operating 
principle  of  the  set  is  based  upon  the  time-of- 
t ransmi ss i on  codes  modulated  onto  the  ll  and  l? 
carriers.  When  this  rode  is  compared  with  the 
time  of  siqnal  reception,  an  apparent  signal 
propagation  time,  nr  "pseudo-range",  is 
determined.  Using  this  scheme,  user  position 
could  be  accurately  determined  with  three 
satellites  if  their  clocks  were  perfectly 
synchroni ted .  GPS  finds  it  more  practical  to 
use  one-way  transmission  from  four  differen' 
satellites  to  solve  simultaneously  for  user 
position  and  user  rpreiver  rlork  phase  and 
frequency  error.  The  user's  ability  to 
navigate  depends  primarily  upon  the  accuracy 
with  which  satellite  slant-range  ran  he 
determined,  and  the  geometric  configuration  of 
the  four  satellites  and  the  user  set.  Blending 
and  combining  the  range  and  clock  measurements 
with  an  extrapolated  nayigation  solution  in  a 
Salman  Filter  makes  optimum  use  of  all  the 
information  available.  The  frequency 
measurements  are  actively  used  in  the  form  of  a 
delta-range  (chanqe  in  pseudo-ranqe  over  a 
short  time  interval)  measurement,  computed  by 
integrating  the  apparent  Doppler  shift  of  the 
tracked  carrier  frequency. 

In  this  developmental  phase,  f iqhter 
aircraft  used  the  X-Get,  a  high-dynamics 
configuration,  which  accepts  inputs  on  4 
receiver  channels  at  the  same  time.  Tint 
number  of  channels  allows  it  to  handle  four 
satellites'  range  measurements  simultaneously. 
r  or  go  aircraft  and  the  tike,  use  the  f-Set, 
(for  medium  dynamics)  with  one  aided  input 
channel  which  sequentially  tracks  the 
satellites  to  develop  its  solutions  for 
position,  velocity,  and  time.  Lastly,  for 
ground  vehicles,  the  Maopack  or  the  Z-Set  (low- 
dynamics  sets)  are  used  by  those  primarily 
concerned  with  portability  or  low  cost.  Their 
receivers  also  have  a  sinqle  channel  which  is 
stepped  through  the  several  satellites  in  view 
to  develop  their  navigation  solutions.  These 
sets  all  use  Kalman  Filter  techniques  as  an 
integral  part  of  their  computational  software. 
The  precise  internal  timinq  needed  to  put  the 
set  in  time-step  with  each  satellite,  is 
provided  by  quart*  crystal  clocks.  Submarines, 
which  may  operate  for  lonq  periods  of  time 
between  satellite  updates,  need  and  will  use  Cs 
c Inrks . 

Two  vendors,  Rockwel 1-Col  1  ins  in  Cedar 
Rapids,  Iowa  and  Magnavox  in  Torrance, 
California  are  in  head-to-head  competition  for 
the  contract  to  build  the  preproduct  ion 
prototype  User  Sets.  They  are  both  working 
towards  Critical  Design  Reviews  to  take  place 
this  year  and  field  testinq  to  beqin  late  next 
year.  The  program  office  is  targetting  for  a 
full-scale  production  contract,  award  to  one  ot 
these  vendors  in  1984. 


Results  to  date  from  the  development.!1 
User  Set  testing  show  that  the  system  works 
extremely  well  and  has  tremendous  potential  for 
providing  navigation  support  to  a  very  wide 
spectrum  of  military  and  civilian  users  in  t hr 
years  to  come.  Recently  the  low-dynamw 
manpack  set  successfully  naviqatPd,  in  field 
test,  to  an  accuracy  of  better  than  4  meters,  a 
remarkable  accomplishment!  Some  typual  User 
Set  test  data  is  shown  in  figure  9.  Results  ■-,* 
bombing  runs  done  at  the  US  Army  Vuma  Rrovriq 
Ground  with  an  F-4  aircraft  guided  by  an  /-Get, 
cannot  be  shared  in  this  forum  but  are,  ' 
assure  you,  equally  impressive. 

An  important  future  use  of  GP',  w.’’ 
invnlve  rather  than  the  task  of  navigation,  the 
lesser  included  process  of  time-transfer.  !t 
tan  be  expected,  according  to  David  Allan  o< 
MBS,  that  time  can  be  transferred  between 
points,  by  a  GPS  sat  pH  it  in  coninnfl  ^ 
s  ynchron  i*at  ion  error  of  less  than  10  nsec, 
r veo  the  preproduct  ion  Uspr  Sets  being 
developed  by  Rockwe 1 1 -Co  1  1  i  ns  and  Maqnavox, 
aUhouqh  nnt  optimised  for  time  transfer,  are 
export ed  to  distribute  UTC  to  users  with  a 
accuracies  of  nearly  100  nsec.  Imagination 
alone  is  the  limit,  it  would  appear. 

Navst ar_ GP S_ Clock  Plan 

On  10-11  March  1981.  the  GPS  program 
office  convened,  at  Los  Anqeles,  the  third  in 
the  rpcent  series  of  clock  meetings  the  purpose 
of  which  has  been  to  instill  a  "tpam  spirit"  in 
those  agencies  and  vendors  involved  in  GPS  and 
to  receive  the  benefit  of  the  objective 
scrutiny  of  a  panel  of  technical  experts,  a 
listing  of  whose  names  is  a  legitimate  WHO'S 
WHO  of  Time  and  Frequency  in  the  United  States. 
The  consensus  of  the  group  was  that,  for  top 
GPS  application,  the  Cs  standard  should  be  the 
clock  of  choice,  with  Rb,  because  of  it.s  much 
larger  tendency  to  drift,  relegated  to  a  "back¬ 
up"  role  which  would  make  use  of  its  superior 
short-term  performance. 

As  an  aside,  the  difference  between  their 
tendencies  to  drift  in  frequency  offset  makes 
the  difference  in  the  way  that  Cs  and  Rb  dorks 
are  modeled  in  the  Kalman.  It  has  been  found 
that  the  Cs  drift  term  is,  for  our  purposes, 
very  nearly  zero.  Rubidium's  drift  is  murh 
larger,  may  be  positive  or  negative,  and  lends 
much  more  uncertainty  to  the  time  prediction 
problem  than  does  Cs.  The  appearance  of  the 
matter  is  that  if  we  are  to  continue  with  Rb, 
then  we  must  either  find  a  way  to  limit  its 
long-term  drift,  or  learn  how  to  model  it 
better.  Probably  both. 

As  in  times  past,  the  program  office  was 
criticized  for  not  having  articles  in  long-term 
ground  test  and  the  importance  of  this  effort 
was  strongly  reiterated. 

The  following  planned  efforts  then  are 
reflective  of  present  program  office  thinking 
as  tempered  by  the  advice  we  have  received: 

a.  Rubidium  -  We  will  continue  to  buy  the 
Rockwell  built  Rb  clock,  with  small  design 
changes,  and  add  automatic  baseplate  control 
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(qood  to  about  0.2°  C  diurnally)  as  quickly  as 
feasible.  Additionally,  offline,  we  will 
continue,  through  prototype  procurement,  to 
work  with  EG&G  Inc.,  in  Salem,  Massachusetts. 
Their  efforts  have  already  produced  some 
extremely  useful  output  which  time  does  not 
permit  my  mentioning  here. 

b.  Cesium  -  We  will  continue  to  procure 
Cesium  Clocks  from  Frequency  and  Time  Systems, 
Inc.,  (FTS),  through  Rockwell  International, 
to  support  our  satellite  needs.  Our  partners 
in  precise  timing  at  the  Naval  Research 
Laboratory  (NRL)  will  continue  to  work, 
off1 me,  in  several  different  ways  to  improve 
the  reliability  and  performance  of  the  Cesium 
Clock.  Negotiations  are  underway  with  FTS  for 
contracts  to  eliminate  the  qualification 
deficiencies  of  our  present  Cs  clock,  to 
properly  configure  two  Cs  standards  for  lonq- 
term  ground  test,  and  to  buy  clock 
subassemblies  for  reliability  testing. 
Further,  NRL  is  actively  working  on  Cs  clock 
development  contracts  with  Frequency 
Electronics,  Inc.,  (FEI)  in  Long  Island,  New 
York  and  KERNCO,  Inc.,  in  Oanvers, 
Massachusetts  which  will  support  the  long-term 
performance,  radiation-hardness,  and  reduced 
weight  requirements  of  the  GPS  operational 
satel  1  ite. 

c.  Hydrogen  Maser  -  The  GPS  program 
office  views  witn  great  excitement  and  academic 
interest  the  NRL  funded  maser  efforts  underway 
with  Hughes  Research  Laboratory  in  Malibu, 
California,  the  National  Bureau  of  Standards  in 
Boulder,  Colorado,  and  the  Smithsonian 
Astrophys i ca  1  Observatory  in  Cambridge, 
Massachusetts .  Potentials  for  improved 
navigational  accuracy  and  performance, 
represented  by  the  hydrogen  maser,  cause  us  to 
applaud  the  NRL  effort  and  wonder  again  about 
the  possibility  of  installing  one  of  these 
marvelous  machines  in  the  Control  Segment 
sometime  soon. 

In  conclusion,  the  GPS  Program  Office  is 
committed  to  putting  the  best  performing  and 
most  reliable  clocks  available,  from  the  state- 
of-the-art,  on  every  satellite.  Your  coimients 
and  interest  are  welcome  and  actively 
sol icited. 

Rpf erence : 

1  D.  Tennant;  "Navstar  Global  Positioning 
System  (GPS)  Clock  Program;  Present  and 
Future."  12th  Annual  PTTI  Applications  and 
Planning  meeting.  Greenbelt,  MO,  December 
1980. 
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Abstract 

The  NAVSTAR  Global  Positioning  System  (GPS)  is 
a  satellite  based  navigation  system  that  uses 
spread  spectrum  signal  techniques  to  permit  a  User 
to  obtain  highly  accurate,  worldwide  position, 
velocity  and  time  information.  This  Is  achieved 
by  measuring  the  difference  In  the  time-of-arri val 
of  a  set  of  four  satellite  signals.  GPS  time  is 
deterministically  related  to  Universal  Coordinated 
Time  (UTC)  such  that  a  User  can  estimate  UTC  to 
submicrosecond  accuracy.  A  key  to  system 
performance  Is  the  ability  of  the  GPS  User 
Equipment  (UE)  to  estimate  the  time  bias  between 
UE  reference  clock  and  GPS  System  Time.  This  Is 
accomplished  by  precisely  controlling  the  hardware 
and  the  computational  errors.  It  Is  therefore 
required  that  the  UE  employ  a  high  quality  crystal 
oscillator  with  low  phase  noise  and  predictable 
drift  characterl  sties. 

The  application  of  accurate  time  keeping  in  a 
mobile  environment  Is  a  basic  principle  of  the  GPS 
User  Equipment  Set.  This  Set  with  Its  receiver 
utilizes  the  Information  provided  by  the 
spaceborne  segment  of  the  NAVSTAR  GPS  system  to 
provide  the  User  with  navigation  information,  GPS 
system  time  and  corresponding  UTC  data.  The 
complexity  In  mechanizing  the  GPS  User  Equipment 
Set  time  keeping  function  is  discussed.  This 
discussion  includes  both  hardware  and  software 
compensation  techniques.  Highlighted  is  the 
utilization  and  effects  of  the  crystal  oscillator 
based  frequency  standard  within  the  Set. 


Introduction 

The  Navstar  Global  Positioning  System  (GPS)  is 
a  worldwide  navigation  system.  A  benefit  of  GPS 
often  overlooked  Is  that  of  precision  time 
transf  er. 

The  GPS  system  provides  position,  velocity  and 
time  information  via  satellites  In  10,890  nautical 
mile  circular  orbits.  The  Information  transfer  Is 
accomplished  by  L-barJ  radio  frequency 
transmissions.  A  properly  equipped  User  Is  able 
to  detect  and  decode  '.he  RF  signals  and  estimate 
hi'  position,  velocity  and  time.  GPS  system  time 
will  be  known  with  respect  to  UTC  to  within  100 
nanoseconds. 


The  purpose  of  this  paper  Is  to  describe  how 
the  Phase  1 18  User  Equipment  (UE),  currently  under 


development  for  the  NAVSTAR  Joint  Program  Office, 
accomplishes  the  time  dissemination  and  time 
transfer  functions.  For  the  purposes  of  this 
paper  time  dissemination  and  time  transfer  are 
defined  as: 

Time  Ui  ssemination  -  the  reporting  of  time  to 
remote  Users. 

Time  transfer  -  synchronization  of  remote 
clocks  to  GPS  system  time  (or  UTC). 

Notation 

Vector  quantities  are  denoted  by  underlined 
variables. 

GPS  NAVIGATION  CONCEPT 

The  GPS  system  Is  a  signal  time-of-arri  val 
navigation  system.  The  satellites  function  as  the 
transmitters  operating  at  known  locations  with 
respect  to  an  (ECEF)  earth-centered-earth-f Ixed 
coordinate  system.  The  User  measures  a  range 
between  his  location  and  that  of  the  satellites. 
Figure  1  depicts  this  relationship.  His  position 
is  the  mutual  intersection  of  the  spheres 
described  by  the  range  measurement  and  centered  at 
the  satellites.  If  the  User  knew  time  perfectly 
with  respect  to  the  satellite  transmitters,  his 
range  to  a  satellite  could  be  computed  using  (1). 

*  =  c(»T  )  ( 1 ) 

Where: 

R  =  Range  to  the  satellite,  in  meters 

c  *  Speed  of  light.  In  meters/second 

»T  =  Path  delay  transit  time  between 
satellite  and  User,  in  seconds. 


Figure  1.  3-D  Navigating  with  the  GPS. 


t 


In  order  to  mechanize  this  ideal  system  it 
would  be  necessary  for  the  User  to  have  a  high 
accuracy  (atomic)  clock,  or  to  maintain  a  two-way 
phase  lock  with  the  satellites.  Constraints 
imposed  on  the  operational  GPS  preclude  use  of 
expensive  atomic  clocks  by  the  User  and 
User-to-satel 1 i te  radio  transmissions.  The  User 
clock  operates  a  synchronously  with  the  satellite 
c  1  oc  k  . 


It  is  not  the  intent  of  this  paper  to  describe 
the  GPS  signal  structure  in  detail  as  this  has 
been  covered  adequately  in  the  literature.  The 
segments  of  GPS  are  the  Control  Segment,  the  Space 
Segment  and  the  User  Segment.  The  Control  Segment 
observes  and  corrects  the  satellite 
transmissions.  The  Space  Segment  is  composed  of 
an  18  satellite  constellation  arranged  into  six 
58"  inclination  orbital  planes  of  three  satellites 
each.  The  User  Segment  is  the  beneficiary. 


GPS  is  a  one-way  ranginy  system.  The  User  to 
satellite  "range",  measured  by  the  User,  is 
actually  a  pseudorange  defined  by  (2). 


Rp  *  c  c  Tatm.*  c  CEu  (2) 

Where : 

c  -  Speed  of  light,  in 

meters/second 

•T  =  Path  delay,  in  seconds 

Rp  =  Pseudorange,  in  meters 

T^TM  e  Atmospheric  delay,  in  seconds 

Cl,j  =  User  clock  error  with  respect 

to  GPS  time,  in  seconds 


True  rar1ge  (1)  can  also  be  expressed  as  (3). 
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Ys,  =  Sate’  ite  position  coordinates 

l,t,i  =  User  position  coordinates 
u  u  u 

which  re  sul  ts  in  ( 4  ) . 
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The  GPS  satellites  transmit  50  bit  per  second 
navigation  data  describing  the  satellite  position 
vector  and  satellite  clock  bias.  The  dual 
frequency  l-bano  transmission  allows  the  User  to 
calculate  TA;M. 

What  remains  is  a  one-way  ranging  equation 
containing  four  unknowns: 


a.  X  ,  Yu,  Zu  the  User  position  coordinates 

b.  CE^  the  User  clock  error 

Classically,  this  is  a  problem  of  four 
unknowns  which  require  four  simultaneous  equations 
for  a  solution.  By  ranging  four  different 
satellites,  the  User  obtains  the  necessary 
independent  equations  to  solve  for  the  unknowns. 

The  navagation  and  time  solution  are  actually 
calculated  by  a  Kalman  filter  within  the  GPS  User 
Equipment  (UE).  The  generic  output  of  the  GPS  UE 
is  position,  velocity  and  time  (PVT).  So 
fundamental  is  this  output  that  the  receiver  is 
commonly  referred  to  as  the  "PVT". 


Determination  of  Time  GPS  Phase  I1B  User  Equipment 

The  first  problem  encountered  when  discussing 
time  relationships  within  GPS  is  to  define 
"time”.  For  the  purposes  of  GPS  the  primary  time 
reference  is  Universal  Coordinated  Time.  Within 
GPS  several  time  references  can  be  found: 

Local  Time  (Tuf)  -  Uncorrected  UE  clock  time 
( i  .e. ,  frequency  standard) 

GPS  Time  (Tr.pQ  -  Time  referenced  to  the  Master 
Control  Station  of  the  Control  Segment 

Universal  Coordinated  Time  (UTC)  -  GPS  time 
deterministically  adjusted  for  bias  errors  (i.e., 
leap  seconds  and  fractional  seconds) 

Satellite  Time  (T<;v)  -  Local  Time  maintained  at 
the  satellite. 


The  GPS  Phase  I  IB  User  Equipment  (UE)  is 
designed  to  provide  precision  time  in  several 
forms : 

a.  Time  Mark 

b.  Data  Capture 

c.  Control  Display  Unit  Clock 

d.  Cesium  Reset 

A  feature  of  the  time  mark  output  is  that  the 
“tone",  fast  risetime  analog  pulse,  preceeds  the 
"time",  associated  descriptive  digital  data.  The 
digital  data  word  contains  both  UTC  and  GPS  time. 
In  a  sense  it  is  similar  to  a  WWV  time  of  the  tone 
announcement. 

Time  mark  pulses  occur  at  a  nominal  1  pulse 
per  second  rate.  Error  of  the  time  mark  pulse  is 
less  than  150  nanoseconds  relative  to  UTC. 

The  Data  Capture  pulse  time  output  consists  of 
a  digital  data  word.  This  word  represents  the 
time  at  which  an  external  strobe  was  applied  to 
the  GPS  UE.  Accuracy  of  this  word  is 
approximately  1  millisecond  with  respect  to  UTC. 
In  case  of  conflict,  the  data  capture  pulse  time 
has  a  higher  priority  than  the  time  mark  output. 
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The  Control  Display  Un  i_t  ( CDU )  has  the 
apah'lity  of  displaying  time  (UTC)  with  a 
isolation  of  1  second  (see  figure  2). 
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The  previously  described  time  outputs  are 
■ ntended  for  time  dissemination  purposes. 
Additionally  there  is  a  class  of  Users  who  are 
interested  in  sync  hroni  zi  ng  their  own  precision 
laboratory  grade  atomic  clocks  to  GPS  derived 
if..  ror  this  reason  a  separate  capability  is 
provided  by  the  GPS  UE  for  time  transfer  Users. 

’n;s  capability  is  genetically  referred  to  as 
."Sium  reset. 

' e s i uin _R ese_t  provides  a  fast  risetime  analog 
pu’se  output  at  the  UTC  one  minute  rollover.  This 
output  differs  from  the  time  mark  pulse  in  that 
toe  time  mark  pulse  is  totally  asynchronous  with 
-espect  to  UTC.  but  the  cesium  reset  pulse  is 
*  ,’v.ed  to  occur  synchronous  with  UTC.  Accuracy  of 
the  .esium  reset  pulse  is  approximately  500 
nanoseconds.  !n  addition,  the  UE  accepts  1  pulse 
per  second  data  from  the  external  cesium  from 
which  the  UE  computes  a  time  difference  between 
:e,fum  time  and  UTC.  This  time  difference  is 
lisp'ayed  c"  the  CDU  as  shown  in  Figure  3. 


■.p'i  Cesium  'ime  ’ransfer. 


The  intent  of  the  display  (figure  3)  is  to 
inform  the  operator  as  to  the  cesium/UTC 
difference  with  a  resolution  of  1  microsecond. 
When  the  difference  exceeds  a  specified  maximum, 
the  operator  would  manually  synchronize  the  cesium 
(to  500  nanosecond  accuracy)  using  the  reset  pulse 
from  the  GPS  UE. 

An  extension  of  the  cesium  reset  capability  is 
possible  which  could  provide  a  more  accurate  reset 
pulse,  in  the  order  of  100  nanoseconds,  at  a 
higher  rate  (1  Hz),  with  a  higher  resolution 
differerx;e  display  on  the  CDU  (100  nanoseconds)  • 
This  capability  will  he  known  as  PTTI,  precise 
time  and  time  interval. 

GPS  Time  Dissemination  and  Time  Transfer 


The  meaning  of  time  determination  in  GPS 
ultimately  refers  to  an  estimate  of  UTC  via  the 
NAVSTAR  GPS.  The  Control  and  Space  Segments  serve 
as  a  conduit  for  transferring  UTC  to  the  User. 
Figure  4  shows  this  relationship.  The  User  in  the 
end  analysis  is  provided  and  estimate  of  UTC  for 
either  dissemination  or  transfer  to  another 
clock.  The  User  can  also  determine  GPS  system 
time  which  may  be  adequate  if  only  relative  time 
synchroni zation  among  Users  is  required  such  as  in 
time  division  multiple  axis  ( T DMA )  appl ications. 


Fiqure  a.  f.r c  lira?  Dissemination  and  ’ime  ’ ransfer. 

UE  Time  Derivation 

Control  Segment  -  Time  in  the  GPS  system 

begins  with  a  portable  clock  that  is  flown  to  the 

GPS  Master  Control  Station.  This  clock  maintains 
a  version  of  UTC.  At  the  Master  Control  Station 
time  is  transferred  from  the  portable  clock  (which 
represents  UTC)  to  GPS  time.  Figure  5.  GPS  time 
is  a  paper  clock  maintained  by  the  Master  Control 
Station.  Other  inputs  into  GPS  time  are  cesium 

beam  clocks  resident  at  the  Control  Segment 

monitor  stations. 


Figure  5.  Control  Segment  Determination  of  ’ime. 


CE(u)  *  TqPS  '  TUE 


(5) 
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GPS  and  UTC  will  diverge  due  to  relative 
frequency  offset,  drift  and  leap  second 
adjustments  made  to  UTC.  However,  the  difference 
Is  continuously  estimated  and  reported  to  the  User 
via  the  50  bit  per  second  data. 

In  the  Space  Segment  the  satellites  have  their 
own  precision  atomic  clocks  from  which  all  RF  and 
digital  signals  are  derived.  The  satellite  clocks 
maintain  their  own  version  of  time  which  we  will 
call  T$y .  The  Control  Segment  monitors  the 
satellite  transmissions  on  a  once  dally  basis  and 
is  thereby  able  to  estimate  the  difference  In 
f GPS  and  Tsv-  Correction  data  is  loaded  Into 

the  satellite,  combined  with  the  pseudonoise 
ranging  codes  and  transmitted  to  the  User. 
UTC/Tqpj  corrections  are  also  Included  In  the 
data.  Figure  6  shows  this  relationship. 


Figure  6.  Satellite  Segment  Determination 
of  Time. 


Once  transmitted  from  the  satellite  the 
signals  are  subject  to  transit  delays  Including 
ionospheric  and  tropospheric  delays  before  they 
reach  the  User.  These  transit  delays  must  be 
appropriately  compensated  for  in  the  User 
Equipment. 

The  User  Equipment  contains  a  clock  Identified 
in  Figure  8  as  the  frequency  standard.  The  UE 
frequency  standard  maintains  Its  own  version  of 
time  called  Tu£.  The  task  is  to  compute  the 
bias  in  UE  local  time  (5)  in  order  to  derive  GPS 
time  which  then  can  be  related  to  UTC. 


Where: 

CE(u)  =  User  clock  error  ( 1 . e . ,  bias) 


Time  Bias  Determination 

Determination  of  the  receiver  time  bias  Is  one 
of  the  basic  functions  of  the  User  Equipment 
software.  To  describe  this  pro-ess  It  Is  useful 
to  first  describe  the  way  In  which  satellite  range 
Is  measured  by  the  User  Equipment.  The  following 
discussion  Is  simplified  from  the  actual  UE 
operation  but  serves  to  describe  the  process. 

The  phase  of  the  pseudorandom  noise  code 
transmitted  from  the  satellite  corresponds  to  the 
time  as  kept  by  the  satellite  clock.  When 
received  by  the  UE  the  phase  relative  to  GPS  time 
1  s  derl  ved  usl  ng  (6) . 

Tr  *  tGPS  "  TpD  +  CE(s)  (6) 


Where: 

Tr  =  Received  code  phase 
Tgps  *  GPS  time 
Tpn  =  Total  path  delay 
CE(s)  =  Satellite  clock  error 

The  code  phase  of  the  signal  generated  locally  In 
the  UE  fs: 

TL  *  TUE  ♦  aP  (7) 

Where : 

Tl  »  local  code  phase 
Tup  *  Users  time  reference 
aP  *  Offset  between  the  local  code  (Tl)  and 
User  time  reference  (Tg^) 

When  the  User  Equipment  is  tracking  the  satellite 


signal : 

Tl  =  Tr  (8) 

Therefore : 

Tgps  ■  ^pd  +  ce ( s )  *  Tup  +  aP  (9) 

The  value  of  a P  Is  the  offset  in  the  local  code 
required  to  make  (7)  true.  Solving  (9)  for  aP: 

aP  -  Tqps  -  T(j£  -  Tpo  +  C£(s)  (10) 

Using  (5)  to  simplify  (10)  yields: 

aP  *  CE(u)  +  CEts)  -  TpD  (11) 


Finally,  Tpg  Is  composed  of  the  true  path  delay 
plus  various  hardware  delays  In  the  satellite  and 
i-,  the  UE: 


Figure  7.  User  Equipment. 


Tl D  '  (R/c)  +  tATM  +  tH 


(12) 
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Where : 


Th  *  Hardware  delays  in  the  satellite  and  UE 
Solving  (11)  for  R  yields: 

R  «  c  [  CE(u)  +  CE(s)  -  aP  -  TaTM  -  j  (13) 

To  solve  for  the  true  range,  R,  each  of  the  right 
half  terms  must  be  known: 

a.  CE(s)  is  derived  from  the  satellite  clock 
correction  parameters  transmitted  in  the  down-link 
data  which  Include  relativistic  corrections. 

b.  aP  Is  measured  by  the  receiver  controller 
software. 

c.  tATM  derived  from  the  ratio  of 

measurements  on  and  L2  frequencies. 

d.  Th  Is  determined  by  Set  calibration. 

e.  CE(u)  is  determined  by  the  Kalman  filter. 

Time  bias  determination  by  the  Set  begins  by 
setting  the  User  clock  ,Tue,  in  (10).  Absolute 
accuracy  in  initially  determining  TgE  is  not 
necessary  since  it  will  be  further  refined  by  the 
Kalman  estimate  of  CE(u).  Large  errors  in  The 
must  be  avoided  since  the  calculation  of  CE(s), 
satellite  position,  etc.  require  the  use  of  Tgp$ 
which  must  be  approximated  by  T^E. 

The  primary  means  of  determining  T(jE  is  by 
detection  of  the  handover  word  (HOW)  In  the 
downlink  data  of  the  satellite.  The  process  is 
started  by  performing  a  code  generator  reset 
(i.e.,  initializing  the  code  generator  to  the 
beginning  of  the  GPS  week). 

If,  following  the  reset,  the  code  VCO  is  zero 
and  no  slew  commands  are  Issued,  the  phase  of  the 
code  generator  would  exactly  correspond  to  the 
number  of  50  Hz  interrupts  since  the  reset. 
Non-zero  VCO  frequency  and  code  slew  commands  will 
cause  a  code  phase  difference  which  can  be 
determined  by  integrating  the  VCO  comnands. 

Following  the  code  generator  reset,  the  UE 
receiver  controller  software  will  be  commanded  to 
acquire  a  particular  satellite  on  C/A  (course 
acquisition)  code.  The  purpose  of  the  C/A  code  Is 
to  provide  necessary  timing  Information  to  acquire 
the  very  long  sequence  length  GPS  P  code. 


Unce  the  C/A  code  is  acquired:  Tr  modulo  1 
millisecond  equals  T(_  modulo  1  millisecond. 
Since  the  sequence  length  of  the  C/A  code  is  1 
mi  1 1  i  second. 


After  bit  synchronization  is  attained  on  the 
SO  bit  per  second  data.  Tr  modulo  20 
i.ii  1 1  i  second  equals  rL  modulo  20  milliseconds, 
since  a  GPS  data  bit  is  2U  milliseconds  long. 


Contained  in  the  50  bit  per  second  data 
demodulated  from  the  C/A  code  is  the  HOW  timing 
word  which  defines  the  satellite  time  of 
transmission  at  the  leading  edge  of  the  next 


subframe  of  data.  A  VCO  slew  command  ( T sl EW ^ 
with  a  granularity  of  20  milliseconds  is  sent  to 
the  code  generator  such  that: 

Tue  .-  N  -  Nr  -  TSLEh  (14) 

Where: 

N  *  50  Hz  Interrupt  count 
Nr  *  Interrupt  count  at  reset 
T$lew  *  Slew  value  derived  from  the  HOW  (in 
20  millisecond  steps) 

Normally  the  receiver  Is  commanded  beyond  the 
expected  received  code  phase,  Tr.  Subsequent 
fine  granularity  back  step  slew  commands  are 
Issued  until  the  code  loop  locks  on. 

At  this  point  the  receiver  is  making  P  code 
pseudorange  measurements.  It  Is  these  pseudorange 
measurements  that  are  fed  Into  the  Kalman  filter. 
The  Kalman  filter  is  an  optimal  estimator  that 
determines  CE(U). 

Kalman  Filter  Mechanization 


The  Kalman  filter  maintains  the  statistical 
and  geometric  information  which  is  necessary  for 
efficient  use  of  GPS  measurements.  The  position 
velocity  and  time  (PVT)  solution  consists  of  a 
nominal  solution  which  is  corrected  by  the  Kalman 
filter  as  shown  in  Figure  8. 

The  Kalman  filter  mechanization  is  actually 
composed  of  four  primary  functions.  These 

functions  are  measurement  preprocessing,  the 
Kalman  filter,  solution  generation,  and  receiver 
aiding.  Figure  8  shows  a  generalized  block 

diagram  of  these  functions  and  their  relation  to 
the  rest  of  the  Set  software.  The  nominal 
solution,  Xnom.  and  the  navigation  solution, 
XNAV.  can  be  considered  the  PVT  input  and  output 
respectively.  A  brief  description  of  these 
functions  will  follow. 


(PVT  Solution | 


Figure  8.  Navigation  Software  Functions. 
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Measurement  Preprocessing  accepts  GPS 
measurements  (pseudorange  and  pseudo-delta-range) 
from  the  receiver  along  with  the  correspond) ng 
satellite  position,  velocity,  and  acceleration  in 
ECEF  coordinates.  The  GPS  measurements  are  then 
linearized  prior  to  processing  by  the  Kalman 
filter.  Also,  User  to  satellite  1 1 ne-of-slght 
unit  vectors  are  provided  for  receiver  aiding. 

The  Kalman  filter  accepts  linearized  GPS 
measurement  data  and  measurement  error  variances. 
The  filter  uses  this  data  to  estimate  a  correction 
to  the  present  (a  priori)  navigation  solution. 
The  filter  also  maintains  estimate  error 
statistics  in  the  form  of  an  estimate  error 
covari  ance  matrix. 

The  Solution  Generator  computes  the  navigation 
solution.  Xjja¥<  as  required.  These  navigation 

solutions  are  required  for  measurement 
preprocessi  ng  and  receiver  aiding,  in  addition  to 
being  the  Set  PVT  solution.  The  solution  is 

formed  by  propagating  old  solutions  (possibly  with 
the  aid  of  INS  or  some  other  velocity  aiding  data) 
and  i  ncorporation  of  the  corrections  from  the 
Kalman  Filter. 

There  are  three  state  vectors  which  are 
maintained  by  the  solution  generator.  These  are 
the  nominal  solution,  (which  contains 

aiding  information),  Xjjav  The  solution  vector, 

and  the  Kalman  filter  generated  correction  vector 
EX.  ECEE  (earth-centered-earth-f ixed)  coordinates 
are  used  for  all  position,  velocity  and 
acceleration  related  quantities.  External  aiding 
is  converted  to  ECEE  coordinates  by  the  interface 
software.  The  relation  between  these  three 
vectors  is; 

^LnAV  =  *N0M  'EX  (15) 

The  function  of  the  solution  generator  is,  simply 
stated,  to  maintain  these  vectors  in  a  timely 
fashion. 


position,  velocity,  and  acceleration.  The  PVA 
error  vector  is  given  in  (17). 


EX 


[_-°FS 


ECEF  User  position 

ECEF  User  velocity 

ECEF  User  acceleration 

Altitude  aid  bias 

Estimated  error  in  Tje  (i.e., 

bias) 

Frequency  standard  drift 


(17) 


Notice  that  the  Kalman  state  vector  (17) 
contains  states  for  UE  clock  bias  and  frequency 
drift.  The  drift  information  is  important  in  that 
CEU  is  not  calculated  continuously,  but  rather 
at  discrete  Kalman  filter  cycles.  Extrapolation 
of  CEU  to  the  time  of  signal  reception  is 
accomplished  through  use  of  the  current  drift 
estimate.  Referring  to  Figure  9. 


aCue  =  (1/c )  (Dp$)  <tUEN  '  tUER> 


(18) 
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Figure  9.  GPS  Timing  Relationships. 


The  generation  of  (15)  yields  a  vector  which 
contains  the  Set  PVT  solution.  In  particular,  the 
PVT  solution  consists  of  User  position  £, 
velocity,  v,  and,  the  GPS  time  estimate  TGPS. 


The  PVA  (posftlon-velocity-acceleration) 
filter  mode  is  used  wh^n  there  is  no  position, 
velocity,  or  acceleration  hiding  source  available 
to  the  Set.  An  altitude  aid  may  be  available. 
The  nominal  solution  for  this  mode  is  presented  in 
(16). 


0 

(5 

0 


XfiOM  * 


a)ib 

tue 

0 


Position  aiding 
Velocity  aiding 
Acceleration  aiding 
Altitude  aid  (if  available) 
Uncorrected  UE  time 


(16) 


In  the  PVA  filter  mode,  altitude  and  Set  time 
are  the  only  navigation  aids.  The  zeros  in  the 
state  vector  are  added  to  correspond  to  the 
correction  states  in  EX.  For  the  PVA  filter  mode, 
EX  contains  the  "wfiole  value"  estimates  of 


Where : 


aCue 

*  Drift  since  last  Kalman  estimate 
User  bias  error,  in  seconds 

of 

dfs 

«  Current  estimate  of  User  clock 
drift,  In  meters/seconds 

tuer 

*  User  time  of  last  filter  cycle 

for 

which  Typ  was  calculated, 
seconds 

in 

tuen 

=  User  time  of  signal  reception, 
seconds. 

In 

Once  Dfs  is  estimated,  it  can  be  assumed  to 
be  fairly  well  behaved  over  periods  of  up  to  1/2 
hour.  Consequently  underdetermined  navigation 
(less  than  4  satellites)  can  be  provided.  This  is 
sometimes  referred  to  as  "riding  the  clock".  Note 
that  the  time  output  accuracy  in  this  case  would 
be  a  function  of  how  well  the  Dpj  estimate  is 
made. 

Another  function  of  the  Kalman  filter  is  to 
properly  compensate  for  all  the  biases  In  the 


542 


system  as  shown  In  Figure  10.  The  ultimate  output 
of  the  Kalman  process  Is  a  correction  (CEU)  to 
User  time  TUf;. 

Mms.i'M  Pw  ,<i. -a-'gr  t  i 

'  . .  !  ♦ 


M#’»  »ln" 


Figure  10.  Kalman  Filter. 


Time  Accuracy 

Time  accuracy  of  GPS  with  respect  to  the  User 
Equipment  Is  a  function  of  the  Set  design  and  the 
Inherent  error  contributed  by  the  other  two  system 
segments.  Primarily,  these  are  the  accuracy  with 
which  the  Control  Segment  maintains  system  time 
(UTC)  and  the  delays  associated  with  Satellite 
Segment  to  UE  Set  range  relationship.  This 
concept  of  time  accuracy  can  be  expressed  as  a  rms 
value  which  is  a  function  of  the  three  system 
segments  as  shown  in  (19). 


At  •  /<E„e)Z  ♦  <ESS)Z  ♦  <E„)Z 


TDOP  *  Time  dilution  of  precision  (1.68) 
UEREsys  -  User  equivalent  range  error  of 
the  GPS  system.  This  relates  to 
the  random  error  associated  with 
the  pseudorange  measurements.  In 
meters  (5.3) 

The  GPS  system  specifications  (SS-GPS-300  and 
SS-US-200)  define  UEREsys  to  be  5.3  meters  and 
T00P  to  be  1.68. 

The  time  bias  error  attributable  to  the  UE  Is 
a  function  of  acceleration  sensitivity  and 
hardware  delays  (19). 

Eue  ■  Ea  +  ^  (21> 

Where : 

Ea  =  Uncompensated  time  error  due  to 
Frequency  Standard  gravity  (g) 
sensltl  vlty 

Eh  -  Uncompensated  time  error  attributable 
to  hardware  (e.g.,  signal  delays) 

Hardware  Delays  In  the  UE  will  be  determined  by 
analysis  and  Set  calibration.  Software  routines 
will  bias  pseudorange  measurements  to  compensate  for 
these  hardware  delays. 

Acceleration  Sensitivity 

The  User  Equipment  system  specification 
(SS-US-200)  requires  the  User  Equipment  to  be 
designed  for  acceleration  levels  of: 

a.  Single  Channel  Sets  -  0.6  g's  maximum 

constant  acceleration.  — 

b.  Dual  Channel  Sets  -  2.04  g's  maximum 

constant  acceleration. 

c.  Five  Channel  Sets  -  9.17  g’s  maximum 

constant  acceleration 


Where: 

At  »  System  time  accuracy.  In  nanoseconds. 

Eue  *  Uncompensated  User  Set  dependent  time 
error.  In  nanoseconds. 

Ess  *  Random  Time  error  due  to  the  geometric 
relationship  with  the  satellite 

segment  and  pseudorange  measurement 
1 nnaccuracles,  In  nanoseconds. 

ECs  =  Time  error  Inherent  to  the  control 
segment  (estimate  of  UTC),  In 

nanoseconds  ( 1UU  nanoseconds,  rms). 

The  error  Inherent  In  the  control  segment, 
Ecs,  Is  100  nanoseconds  rms. 

Ess  Is  defined  as  the  time  dilution  of 
precision  (TDOP)  multiplied  by  the  User  to  satellite 
range  error.  1  Where: 

E$s  *  ( 1/c ) (TDOP ) (UERESyS)  1  27  nanoseconds  (20) 

Where : 

c  1  Speed  of  light  *  299,792,500 

meters/second 


The  User  Equipment  frequency  standard  Is  the 
primary  contributor  to  the  time  error  resulting 
from  host  vehicle  acceleration,  Ea,  as 
determined  by  122). 

Ea  -  (Da)(FSas)(HVa)  (22) 

Where: 

Da  =  Duration  of  host  vehicle  acceleration 

F§as  =  Frequency  Standard  acceleration 

sensitivity,  per  g 

HVa  =  Host  vehicle  acceleration,  in  g's 

As  previously  discussed,  a  function  of  the  Kalman 
filter  mechanization  Is  to  correct  for  UE  clocK 
bias.  Included  In  this  correction  factor  is  the 
provision  to  deweight  measurements  based  on  host 
vehicle  acceleration  data.  An  available  design 
option  Is  to  determl  ni  stlcly  model  the  frequency 
standard  and  apply  a  detenni  ni  st  ic  correction  for 
acceleration  via  the  Kalman  filter. 

In  the  event  that  a  User  is  stationary,  and  the 
UE  noncompensated  hardware  bias  errors,  Eh,  are 


very  small,  the  total  system  time  error  can  then  be 
approximated  by  (23): 

At  :  s/tss  ^  +  £cs  2  r  n)4  (nanoseconds)  (23) 

For: 

Ecs  :  100  nanoseconds 

Ess  -  27  nanoseconds 

Hardware  Description 

Each  UE  Set  Is  comprised  of  an  antenna  subsystem, 
control  display,  signal  processing,  navigation  and 
Interface  functions-  For  the  purposes  of  this  paper 
we  will  highlight  the  F-16  Set  (Figure  11)  { 1  - e - , 
Five  Channel  Set).  The  F-lb  also  represents  the 
Fi ghter/ Attack  host  vehicle  category  for  GPS  Phase 
lib. 


UPS 


Figure  12.  UE  Hardware  Timing  Path. 
Frequency  Standard 


Figure  11.  GPS  Phase  1 1 B  F-16  User  Equipment. 


The  F-16  Set  Is  comprised  of: 

a.  Top  mounted  controlled  reception  antenna 

(CRPA)  providing  signals  to  the  antenna 

electronics  (AE). 

b.  Bottom  mounted  fixed  reception  antenna 

( FRPA)  providing  signals  to  the  antenna 

electronics  (AE). 

c.  Antenna  electronics  (AE)  providing  Li 

and  L2  (l-band  signals)  IF  signals  to  the 
receiver  group. 

d.  Receiver  group  which  provide  primary 
Information  (IF  and  data)  processing  and  host 
vehicle  Interface. 

e.  Uata  loader  system  provides  cartridge  data 
entry . 

f.  Optional  control  display  unit  (Standard 
COU)  provides  operator  Interface  and  manual  data 
entry. 


The  primary  clock  or  frequency  standard 
(Figure  13)  of  all  UE  Sets  Is  an  IT  cut  crystal 
controlled  oscillator  with  a  10.23  MHz  output. 
This  frequency  standard  Is  designed  for  portable 
and  airborne  applications  with  a  very  rapid 
warm-up  time  and  low  power  consumption.  Critical 
parameters  of  the  frequency  standard  are  listed  In 
Table  1.  A  functional  block  diagram  is  shown  In 
Figure  14. 


Figure  13.  UE  Frequency  Standard. 
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The  UE  hardware  which  primarily  affects  the  L  ' 

time  mark  output  Is  depicted  In  Figure  12.  A  Set  mix-  -I  ..V,J>"T  *.nvDr 
component  particularly  Important  to  the  accurate  1  —  J 

determination  of  time  Is  the  frequency  standard.  Figure  14.  Frequency  Standard  Block  Diagram. 
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PARAMETER 

SPECIFICATION 

CONSTRANT 

Ambient  Stability 

+1  *  10‘8  Max 
♦  5  *  10-10/sec. 

-54 *C  to  +85*C 
+  5’C/mln, 

^54*C  to  +85*C 

Voltage  Stability 

+1  X  10'9 

5  percent  supply 
change 

Load  Stability 

♦1  x  10‘9 

Any  load  change 

Short  Term  Stability 

+1  x  10'10nns 

0.2  sec  measurement 
Intervals 

Short  Term  Frequency  Drift 

+1  x  10’9 

For  20  minutes 

Warm-up  Time 

♦1  x  10'8  af/f 

In  30  minutes 

From  a  6  hr  cold  soak 
at  -54*C,  after  3 
ml nutes 

+  1  x  10"9/sec 

Maximum  a f/sec  after 

3  minutes 

Acceleration  Sensitivity 

3  x  10'*°  g 

2  x  10'9  g 

Long  axis  (maximum) 
Short  axis  (maximum) 

TABLE  I.  FREQUENCY  STANDARD  PERFORMANCE 


Conclusions 

The  GPS  Phase  IIB  User  Equipment  can  provide  a 
degree  of  accuracy  In  time  dlssemenatlon  and 
transfer  that  rivals  the  portable  atomic  clock 
method.  It  Is  available  as  a  side  benefit  to  the 
basic  navigation  function.  Standard  output 
Interfaces  are  provided  to  accomodate  a  variety  of 
potential  Users.  Accuracy  Is  enhanced  If  the  User 
Is  stationary.  This  equipment  will  be  available 
In  the  late  1983  time  frame. 

References 

1.  Jorgensen,  P.S.,  “Normalized  Accuracy 
Analysis  of  the  NAVSTAR  GPS",  Aerospace 
Corporation  report  TOR-0078(3475-10)-2. 

2.  Spllker,  J  .J . ,  Global  Positioning  System, 
“Signal  Structure  and  Performance 


Characteristics’,  The  Institute  of 
Navigation,  Washington,  D.C.,  1980. 

3.  Wise,  T.L.,  “Receiver  Code  Control/Time 
Estimation",  Rockwell  International 
Internal  Letter,  Cedar  Rapids,  Iowa, 
December  26,  1981. 

4.  Sadowsky,  J.S.,  “User  Equipment  Kalman 

Filter  Description",  Rockwell 

International  Internal  Letter,  Cedar 
Rapids,  Iowa,  February  26,  1981. 

5.  Oscillator,  Crystal  Controlled. 

Specification  Control  Drawing,  . 

No.  277-0510,  Rockwell  International 


545 


i. 


Pi'Oi  .  15th  Ann.  Frog.  Control  Symposium,  IJSAt I'ADCOM ,  ft.  Monmouth,  NI  07701,  May  1 9H 1 


CONSTRUCTION  ANO  PERFORMANCE  CHARACTERISTICS 
OF  A  PROTOTYPE  NBS/GPS  RECEIVER 
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Summary 

The  National  Bureau  of  Standards  (NBS)  has 
proposed  a  particular  application  of  the  clear 
access  channel  C/A  of  the  Global  Positioning 
System  (GPS)  signal  utilizing  the  fact  that  the 
location  of  two  earth  stations  may  be  known. 
Hence,  if  one  has  common-view  of  a  single  satellite 
from  these  two  earth  stations,  excellent  time 
transfer  capability  exists.  N8S  has  developed  a 
prototype  receiver  featuring  extremely  high  time 
transfer  accuracy  and  low  cost.  Even  though  one 
may  not  know  the  absolute  delays  through  the 
receivers,  one  can  do  absolute  time  transfer  by 
knowing  the  differential  delay  between  two  re- 
cei vers . 

The  received  satellite  signals  gave  an  RMS 
time  fluctuation  of  the  receiver  output  as  good  as 
3.5  nanoseconds  for  an  omni  antenna  using  15 
second  averages.  The  noise  was  characterized  as 
white  noise  phase  modulation,  which  can  be  averaged 
below  the  systematics,  which  are  about  1  nano¬ 
second  over  a  thermal  range  of  several  degrees 
about  ambient.  The  day-to-day  time  fluctuations, 
when  measuring  the  time  difference  between  the  NBS 
Boulder  and  US.  Naval  Observatory  (USNO) 
Washington,  D.C.  were  about  5  ns. 

The  software  and  the  receiver  are  configured 
to  be  fully  automatic  with  a  Z80A  microprocessor 
setting  the  amplitude  for  the  lock  loops  of  the 
receiver  and  setting  the  synthesizer  which  corrects 
for  the  nominal  Doppler  shift.  The  receiver  also 
has  a  unique  feature  of  using  the  microprocesser 
to  calibrate  a  0. 1  ns  built-in  time  interval  count¬ 
er  All  that  is  required  on  the  part  of  the  user 
is  a  local  1  pps  tick  and  a  5  MHz  signal,  plus  Ms 
local  coordinates. 

Key  Words:  Automatic  time  comparison;  deep  space 
network;  differential  time  transfer;  frequency 
transfer;  international  time  comparison;  primary 
frequency  standards;  SI  second;  Global  Positioning 
System. 

Introduction 

The  advent  of  GPS  has  opened  other  doors 
hesides  navigation  for  applications  using  this 
system.  In  particular,  the  staff  at  the  Time  and 
Frequency  Division  of  NBS  have  capitalized  on  the 
idea  of  using  a  single  GPS  satellite  signal  in 
common  view  at  two  fixed  and  known  coordinate 
locations  on  the  surface  of  the  earth,  e.g. ,  NBS 


in  Boulder,  CO,  USNO  in  Washington,  DC,  National 
Research  Council  (NRC)  in  Ottawa,  Canada, 
Physi kal isch-Techni sche  Bundesanstalt  (PTB)  in 
Braunschweig,  West  Germany,  or  the  Bureau 
International  de  l'Heure  (BIH)  in  Paris,  France. 
Since  navigation  is  not  necessary,  this  system  can 
be  turned  into  a  pure  time  transfer  technique  for 
achieving  a  significant  amount  of  common-mode 
cancellation  of  errors.  In  particular,  any  satel¬ 
lite  clock  errors  disappear  when  the  difference  is 
taken  between  the  received  times  at  the  two  sites; 
the  ephemeris  errors  for  the  satellite  might  be 
reduced  by  an  order  of  magnitude  or  more  depending 
upon  the  size  and  direction  of  the  ephemeris 
errors,  and  upon  the  baseline  distance  between  the 
two  earth  stations.  If  convenient  times  are 
chosen,  there  may  be  significant  amounts  of  common¬ 
mode  cancellation  in  the  ionosphere  of  the  two 
paths  from  the  satellite  to  the  two  ground  sta¬ 
tions.  A  previous  paper  has  been  published  showing 
the  estimated  effects  of  these  various  error 
sources,  the  results  of  which  gave  significant 

encouragement  to  pursue  this  type  of  approach.1 

Over  the  course  of  about  the  last  lH  years,  a 

few  of  the  staff  of  the  Time  and  Frequency  Division 
at  NBS  have  vigorously  pursued  the  design,  con¬ 
struction,  and  testing  of  a  receiver  to  accomplish 
these  goals.  The  basic  design  goals  were  high 
accuracy  and  low  cost  so  that  hopefully  some 
industry  could  capitalize  on  the  research  and 
development  effort  and  make  the  same  available  on 
the  open  market  to  a  significant  number  of  inter¬ 
ested  users.  On  4  May  1981,  the  prototype  receiver 
at  NBS  was  locked  to  a  GPS  satellite  signal  on  the 
first  attempt  The  results  of  the  received  data 
thereafter  will  be  presented  in  part  in  the  body 
of  the  paper. 


One  of  the  cost-cutting  aspects  that  has  been 
incorporated  is  to  use  the  C/A  signal  only,  since 
preliminary  studies  showed  that  it  would  have 
adequate  accuracy  to  meet  the  design  goal  of 
better  than  10  ns  worldwide  time  transfer  using 
the  common-view  approach. 

Receiver  Configuration 

Hardware  Configuration.  The  system  consists  of 
three  rack-mounted  chassis,  13.3  cm  (5s*  in.)  H  x 
40.6  cm  (16  in.)  D.  A  separate  low-noise  amplifier 
and  down-converter  are  mounted  at  the  antenna.  One 
rack-mounted  chassis  contains  the  receiver  pro¬ 
cessing  circuitry,  the  second  contains  the  the 
microprocessor-counter  and  the  third  is  a  fail¬ 
safe  (battery-backup)  power  supply. 

The  system  is  controlled  by  a  Z80A  processor 
operating  with  a  4  MHz  clock.  The  processor  card, 
which  is  designed  for  this  application,  includes 
32  k-bytes  of  RAM,  16  k  of  EPROM,  2  serial  UARTs 
(1  for  RS-232  and  1  for  tape),  9  eight-bit  parallel 
ports,  a  memory-mapped  video  display  generator  and 
an  eight-level  priority  interrupt  structure. 
Total  power  consumption  of  the  processor  card  is 
eight  watts. 

Local  I/O  is  provided  through  a  parallel 
input  keyboard  and  video  display.  The  video 
display  provides  "warm  feelings"  to  the  user  by 
continuously  displaying  system  status.  Local  hard 
copy  is  available  through  the  RS-232.  Two  systems 
can  communicate  with  each  other  through  a  dedicated 
auto- answer /auto- or i gi nate  modem . 

A  "micro-cassette"  tape  drive  in  the  processor 
chassis  is  used  to  load/save  programs  and  data. 
Each  cassette  has  a  capacity  of  approximately 
50  k-bytes. 

The  time  interval  counter  card  in  the  proces¬ 
sor  chassis  helps  keep  system  cost  low  with  no 
compromise  in  performance.  The  counter  is  a 
start-stop  interpolator  type  and  is  calibrated  by 
the  processor  before  each  satellite  pass  measure¬ 
ment  begins.  Counter  resolution  is  0.1  ns. 
Absolute  accuracy  is  better  than  1  ns  (3  o). 

Since  the  ultimate  goal  is  to  provide  dif¬ 
ferential  time  transfer  capability  with  maximum 
accuracy,  we  have  paid  particular  attention  to 


those  factors  in  the  receiver  design  that  can 
result  in  delay  variations.  For  example,  receiver 
bandwidth  (RF  and  IF)  is  much  larger  than  neces¬ 
sary  if  the  goal  were  simply  to  optimize  signal/ 
noise  performance.  Also,  special  attention  was 
given  to  the  correlation  loop  servo  to  minimize 
the  effect  of  temperature.  Although  we  have  not 
performed  exhaustive  tests  up  to  this  time,  it 
appears  that  the  receiver  systematics  are  less 
than  ±2  ns  in  a  normal  room  environment  where 
temperature  variations  are  on  the  order  of  ±5  °C. 

The  software  and  hardware  are  capable  of 
providing  analog  azimuth  and  elevation  outputs  to 
steer  a  high-gain  (16  dB)  antenna  if  this  option 
appears  desirable  to  minimize  the  effects  of 
multipath  on  timing  accuracy.  (This  option  is 
certainly  not  necessary  from  the  standpoint  of 
S/N,  since  in  10  minutes  we  can  average  down  to 
the  1-2  ns  level  of  the  receiver  systematics  with 
the  present  quad  spiral  omni  antenna  wound  on  a 
2.5  cm  diameter  x  6  cm  long  cylinder  with  a  7  cm 
ground  plane.  We  are  able  to  track  satellites 
down  to  a  1°  elevation  angle  with  the  omni  an¬ 
tenna.  ) 

Software  Configuration.  The  key  element  in  the 
performance  of  this  "stand-alone"  GPS  time  transfer 
system  is  in  the  integration  of  the  hardware  and 
software.  Since  all  control  and  computation  is 
performed  by  a  single  Z80A  processor,  the  software 
is  required  to  be  very  efficient  in  execution 
time,  especially  the  interrupt-driven  routines 
that  must  perform  a  return  from  interrupt  within 
500  ps.  A  key  "number-crunching"  requirement  is 
sufficient  numeric  accuracy  to  compute  satellite 
position  to  1  cm. 

We  chose  to  start  from  scratch,  with  the 
deveopment  of  a  15  decimal  digit  floating  point 
package  with  hex  interpreter  for  number  crunching 
and  a  unique  interrupt  implementation  in  Z 80 
assembly  language  for  the  interrupt-driven  pro¬ 
grams.  The  total  software  package  presently  stands 
at  approximately  20  k-bytes  of  object  code.  This 
represents  about  1  man-year  of  programming  time. 

There  are  7  interrupt-driven  programs,  plus 
the  interruptable  "number  cruncher."  The  interrupt- 
driven  programs  are: 
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Priority 

Name 

Interrupt 

Rate 

Function 

1 

Receiver 

50Hz/lkHz 

Lock  Rcvr-Track 

2 

Tape 

75Hz/200Hz 

Read/Write  Tape 
Files 

3 

RX 

150Hz 

Receive  RS-232 
Oata 

4 

Spare 

— 

... 

5 

Keyboard 

30Hz 

Read  Kbd- 
Di splay- Video 

6 

Counter 

30Hz 

Make  Counter 
Measurements 

7 

TX 

150Hz 

Transmit  RS-232 
Data 

6 

1Hz 

1Hz 

Run  Real  Time 
UTC  Clock 

The  interrupt-driven  programs  represent  a  processor 
overhead  time  of  from  5%  to  15%,  depending  upon 
what  is  happening  at  any  instant  of  time. 

One  crucial  point  is  that  all  7  interrupt- 
driven  programs  and  the  interruptable  number 
cruncher  are  "alive"  at  all  times  (naturally  in  a 
time-slice  context).  It  is  possible  that  at  a 
given  second,  the  receiver  program  is  loading  the 
serial  data  from  a  satellite  and  running  the  GPS 
clock,  the  tape  program  is  in  the  process  of 
writing  a  data  file,  the  RX  program  is  decoding  an 
operator  command,  the  counter  program  is  making  a 
pseudo-range  measurement,  the  TX  program  is  print¬ 
ing  the  hard  copy  results  of  passes  for  the  pre¬ 
vious  10  days,  and  the  1  Hz  program  is  updating 
the  UTC  clock  and  has  determined  that  this  is  the 
second  to  stop  tracking  the  current  satellite. 
Meanwhile,  the  interruptable  program  is  in  the 
process  of  computing  the  x,y,z  coordinates  of  the 
satellite  now  being  tracked. 

Receiver  Results 

Shown  in  figure  1  are  the  time  deviations 
between  the  space  vehicle  clock  and  the  NBS  refer¬ 
ence  clock.  The  space  vehicle  clock  is  a  cesium 
onboard  NAVSTAR-5  and,  of  course,  the  deviations 
include  propagation  fluctuations  as  well.  One 
observes  over  the  10*5  minute  segment  of  data  an 
rms  time  fluctuation  of  3.5  ns.  Each  point  is  a 


15  s  average.  In  figure  2  is  plotted  a  ( t)  frac¬ 
tional  frequency  stability  and  a  new  method  (see 
Ref.  2)  of  frequency  stability  measurement  called 
"modified"  for  Mod  oy(t)  vs.  the  sample  time,  t, 
for  the  data  shown  in  figure  1.  The  resulting 
analysis  indicates  that  the  random  noise  process 
involved  is  commonly  referred  to  as  white  noise 
phase  modulation.  The  implication  of  this  kind  of 
noise  is  that  one  could  average  the  time  reading 
down  to  an  uncertainty  of  better  than  1  ns  for 
averaging  times  longer  than  3  minutes.  Shown  in 
figure  3  is  a  similar  analysis  for  a  rubidium 
standard  onboard  NAVSTAR-3,  denoted  space  vehicle 
6  vs.  the  reference  clock  at  NBS  and  one  sees 
similar  performance.  Also  plotted  on  this  0^(0 
diagram  is  the  inferred  stability  of  the  onboard 
rubidium  clock.  The  inference  here  is  that  one 
would  be  able  to  see  the  clock  instabilities  for 
averaging  times  beyond  about  3000  s  (roughly  1 
hour). 

Shown  in  figure  4  are  the  elevation  angles 
vs.  UT  time  for  15  June  1981  as  observed  from 
Boulder,  Colorado  and  figure  4b  is  a  similar  plot 
as  observed  from  Washington,  DC.  It  is  evident 
that  there  are  several  times  over  which  the  common- 
view,  common-mode  cancellation  technique  can  be 
used  to  do  time  transfer  between  Boulder  and 
Washington,  DC.  Advantage  was  taken  of  this  to 
compare  the  clocks  between  NBS  and  USNO.  Figure  5 
is  a  plot  of  those  time  differences  utilizing  the 
average  of  the  two  rubidiums  and  the  two  cesiums 
onboard  NAVSTAR-3,  4,  5,  and  6,  respectively. 
Since  the  differential  delay  between  the  two 
receivers  was  not  known,  a  portable  clock  trip 
over  25-30  May  1981  was  used  to  calibrate  the 
differential  delay  before  plotting  the  results  in 
figure  5. 

The  time  difference  as  obtained  across  the 
four  satellites  as  compared  to  that  by  portable 
clock  differed  by  approximately  335  ns.  The 
reason  for  this  difference  is  not  known.  It  is 
possible  that  it  is  in  how  time  is  defined  in  the 
pseudo-random  code  by  the  designers  of  the  receiver 
used  at  USNO  vs.  the  NBS  design.  The  next  obvious 
step,  of  course,  is  to  build  two  identical  re¬ 
ceivers,  and  compare  them  side-by-side.  It  is 
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fully  believed  and  expected  that  this  difference 
will  disappear,  or  at  least  be  reduced  to  the 
order  of  a  few  nanoseconds. 

The  agreement,  when  taken  across  the  satel¬ 
lites,  in  the  measure  of  the  time  difference 
UTC(USNO)  -  UTC(NBS)  on  any  day  on  the  average  was 
6.5  ns,  which  would  yield  a  standard  deviation  of 
the  mean  of  about  3  ns.  This  is  very  close  to  the 
clock  noise  for  a  sample  time  of  only  one  day' 
The  frequency  difference  averaged  over  15  days 
between  UTC(USNO)  and  UTC(NBS)  was  measured  inde¬ 
pendently  using  each  of  the  above  four  satellites 
and  the  values  were  as  follows: 
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The  standard  deviation  of  the  mean  is  0.14  x  10 
This  is  at  least  two  orders  of  magnitude  better 
than  the  results  that  can  be  obtained  using 
loran-C 


Conclusions 


We  have  preliminarily  demonstrated  that  a 
low-cost,  high-accuracy  GPS  C/A  receiver  can  be 
built,  taking  advantage  of  simultaneous  common 
view  of  the  same  satellite  This  appears  to 
potentially  allow  time  transfer  with  accuracies  of 
the  order  or  or  less  than  10  ns  for  baselines  as 

large  as  3000  kilometers,  and  frequency  can  be 

14 

measured  to  better  than  1  part  in  10  With 
further  studies  of  the  propagation  delays,  this 
level  of  accuracy  should  be  able  to  be  extended  on 
an  international  basis.  It  is  fortunate  that  many 
of  the  key  laboratories  involved  with  accurate 
time  and  frequency  are  at  high  latitudes.  This 
affords  simultaneous  common  view  between  such 
sites  as  MBS,  Boulder  and  New  Delhi,  India  and 
USNO,  Washington,  DC  and  Radio  Research 
Laboratories  (RRL),  Tokyo,  Japan.  This  seems 
suprising  at  first,  but  upon  calculation  becomes 
obviously  doable.  This  level  of  national  and 
international  time  transfer  accuracy,  of  course. 


affords  also  excellent  frequency  transfer  accuracy 
at  nominal  state-of-the-art  levels.  These  results 
have  potentially  significant  impact  on  assisting 
the  monitoring  stations  for  GPS,  on  syntonizing 
the  tracking  stations  for  the  Jet  Propulsion 
Laboratory  (JPL)  Deep-Space  Network,  and  for  doing 
fundamental  time  and  frequency  comparisons  for  the 
international  time  scale  and  between  primary 
frequency  standards  laboratories.  Any  future 
applications  like  the  above,  of  course,  depend  on 
GPS  remaining  operationally  available  at  better 
than  the  current  levels  of  accuracy.  At  the 
present  time,  we  do  not  know  whether  this  will  or 
wi  1 1  not  be  true. 
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Fiq.  1.  A  plot  of  the  time  deviations  between  a  cesium  clock  onboard  the  GPS 
satellite,  NAVSTAR-5,  vs.  the  NBS  reference  clock.  Each  point  is  a 
IS  s  average.  The  rms  across  the  data  set  was  3.5  ns. 


A  plot  of  the  fractional  frequency  stability  of  the  data  shown  in 
Fig.  1.  Namely  of  the  cesium  in  Space  Vehicle  No.  5  of  the  GPS 
constellation.  The  ordinate  is  doubl e- va I ued  for  both  o  (t)  and 
Mod  Oy(  t  )  as  explained  in  Ref.  2.  The  noise  is  well-modeled  by 
white  noise  PM  at  a  level  of  3.5  ns  for  15  s  averages.  This  noise 
is  consistent  with  a  meaningful  usage  of  the  standard  deviation  of 
the  mean,  which  for  this  data  set  is  0.5  ns 
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Fractional  frequency  stability  plot  for  o^(t)  and  Mod  0^(1)  of  a 
rubidium  clock  in  Space  Vehicle  6  onboard  NAVSTAR-3  as  a  function  of 
sample  time,  t,  as  explained  in  Ref-  2.  Note  also  the  estimated 
level  of  noise  of  the  rubidium  clock. 


(Rb)> 


GPS  Elevation  Angles 


at  NBS-B 


SV9  (Cs) 


SV5  (Cs) 


0  1  2  3  4  5  6  7  8  9  10  11  12  13 
15  June  81  UT  (hours) 

A  plot  indicating  the  elevation  angles  for  the  various  satellites  in 
the  GPS  constellation  as  a  function  of  hours  UT  on  15  June  1981  as 
observed  in  Boulder,  Colorado. 
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A  plot  of  the  time  difference  between  UTC(USNO)  and  UTC(NBS)  via  an 
average  of  the  four  GPS  satellites  NAVSTAR-3,  -4,  -5,  -6.  The  error 
bars  are  the  average  standard  deviation  taken  across  the  four  satel- 
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Abstract 

This  paper  describes  a  high  performance  S 
MHz  distribution  system  having  extremely  low 
phase  noise  and  jitter  characteristics  and 
providing  multiple  buffered  outputs.  The 
system  is  completely  redundant  with  automatic 
switchover  and  is  se If- test ing.  Faults  can  be 
isolated  to  a  mo ’ular  level  by  observing  front 
panel  status  indicators.  Since  the  5  MHz 
reference  signals  distributed  by  the  NATO  III 
distribution  system  are  used  for  up-conversion 
and  multiplicative  functions,  a  high  degree  of 
phase  stability  and  Isolation  between  outputs 
is  necessary.  Unique  circuit  design  and 
packaging  concepts  are  utilized  to  insure  that 
the  isolation  between  outputs  is  sufficient  to 
guarantee  a  phase  perturbation  of  less  than 
o100]h'J  when  other  outputs  are  open  circuited, 
short  circuited  or  terminated  in  Si)  ohms.  The 
circuit  design  techniques  include  high 
isolation  cascode  amplifiers,  the  use  of 
negative  feedback  to  stabilize  system  gain  and 
minimize  circuit  phase  noise  contributions,  the 
use  of  balanced  lines  in  lieu  of  single  ended 
coaxial  transmission  media  to  minimize  pickup 
uui  degradation  of  noise  floor  and  the 
development  of  simplified  fault  detection  and 
switchover  circuitry  to  insure  continuous 
ope rat  ion . 

The  distribution  system  is  fed  by 
redundant  high  stability  quartz  frequency 
standards  which  use  special  crystals  with  low 
phase  noise  and  jitter  and  a  daily  aging  rate 
better  than  r>  X  lU~li. 

1  n  br  oduc:  1 1  on 

A  5  MHz  signal  generation  and  distribution 
s vs  tern  Is  described  which  provides  the  basic 
reference  frequencies  for  both  a  transportable 
and  fixed  satellite  ground  station.  The  system 
has  extremely  low  vibration  induced  phase 
Jitter  and  high  isolation  between  outputs. 
H.ith  of  these  characteristics  are  required  for 
tlie  NATO  JII  satellite  terminal  mission.  The 
svstem  is  modular  and  sc  1  f  - 1  est  1  ng  and  any 
modules  ran  be  replaced  without  disturbing 
s v s  t  em  <  j  pe  r  a t ion. 

System  Desc  r ipt i on 

Pa-  blot  k.  diagram  of  Figure  \  shows  flow  a  dual 
treqtiernv  standard.  Primary  Distribution  Unit 


(PDU)  and  Secondary  Distribution  Unit  (SDU), 
are  interconnected  to  provide  a  failsafe  system 
having  fifty-six  5  MHz  outputs,  four  l  MHz 
outputs  and  four  100  kHz  outputs.  Two 
frequency  standards  in  the  Frequency  Generation 
Unit  (FGU)  provide  redundant,  stable,  low  noise 
signals  for  the  system  input.  The  Electronic 
Switch  Module  (ESM)  in  the  PDU  accepts  the 

5  MHz  input  and  feeds  it  to  two  Primary 
Distribution  Modules  (PDM) .  The  dual 
electronic  switches  provide  redundancy  in  the 
event  of  faiure  of  either  frequency  standard, 
i nterconnect i ng  cable,  or  ESM.  The  Primary 
Distribution  Module  receives  the  redundant 

6  MHz  inputs  and  provides  seven  balanced 
outputs  which  feed  various  Secondary 
Distribution  Units  which  can  be  located  up  to 
SOU  feet  from  the  PDU.  Althouth  the  PDU,  SDU 
and  dual  frequency  standards  comprise  the 
NATO  III  station  distribution  system,  the  SDU 
can  stand  alone  as  a  totally  independent 
fifty-six  channel  low  noise  distribution 
system.  Interconnection  between  the  PDU  and 
SDU  is  accomplished  on  a  redundant  basis  such 
that  the  failure  of  either  balanced 
interconnecting  cable  or  PDM  will  not  effect 
the  final  output  signal.  The  requirement  for 
low  spurious  signals  and  phase  noise 
necessitates  the  use  of  double  shielded 
RG-22B/U  twinaxial  95  ohm  balanced  cable.  The 
entire  signal  transmission  system  is  isolated 
from  the  environmental  ground  reducing  the 
pickup  of  unwanted  signals  due  to  ground  loops 
and  non-common  mode  noise.  Table  1  lists  the 
performance  characteristics  of  the  system  and 
Figures  2  and  3  are  the  detailed  block  diagrams 
for  the  PDU  and  SDU,  respectively. 

An  amplitude  limiting  circuit  in  the  SDU 
Preamplifier  Module  (PAM)  maintains  a  constant 
output  level  of  +5  dBm  from  the  SDU  over  a  wide 
range  of  Input  signal  levels.  This  is 
important  so  as  not  to  affect  the  operation  of 
user  equipment  when  interconnecting  cables  are 
disconnected  or  a  PDM  module  in  the  PDU  is 
removed.  Seven  independent  modules  each  having 
eight  outputs  comprise  the  balance  of  the  SDU. 

The  equipment  is  designed  to  operate  from 
American  or  European  ac  main  voltages  and 
frequencies.  Dual  jmwer  regulators  ensure  that 
60  Hz  and  120  Hz  line  related  phase  modulations 
are  reduced  to  negligible  levels.  A  high 
current  regulator  in  each  of  the  dual  power 
supplies  and  an  additional  three-terminal 


device  in  each  module  provides  **.**]  -V  line 
regulation  wi  t  li  I  bn  nic  mvi»I  i  s  <  !  no  i  se  .  An 
add  i  t  i  him  I  benefit  *>f  this  svstem  is  that 
radiated  stis.  opt  i  h  i  1  i  t  v  ot  tin-  equipment  l  rum 
pi.kup-  it  ext  raneuus  signals  irmn  .  <  1 1  oim  f « ■  cj  high 
power  KF  devices  is  minimi  /ini  sie.ee  tin*  module 
n-gu  1  a  t  .»  rs  have  t  hi*  abilitv  to  reject  int  **r  t  or  i  ng 
input  signals  hv  at  least  Hu  dH  t  mm  Ju  Hz  to  lo 
kHz  a  ml  -in  dB  up  In  h>u  kHz.  Additional  KF 
‘  il  to  ring  is  used  to  moot  t  hi*  KM(  reqii  i  rement  s  up 
to  1  rt  Ui7  . 

Koch  ac  t  i  vo  circuit  which  is  oritiral  to  syst«*m 
opoi'ition  fa  i  1  uiv-det  ec  I  ed  .  Diode  dotootors 

an*  used  tor  KF  alarm  gem* ra t  i on  and  micrologic 
comparators  son  so  tho  degradation  oi  signal 
h-vt'l  bo 'i  »w  a  prosot  value.  The  alarm  signals 
are  summed  in  oaoh  partieular  subsystem  and  ted 
l  .  a  .•  iinmou  j*»int  where  an  output  is  provided  to 
external  monitoring  equipment.  Additionally, 
ti'iiit.  panel  indioa’ars  on  the  various  modules 
visuallv  Indio, tie  the  occur renoe  ot  a  tailure  or 
•  ut  > t  spec  oo ml  i f i on. 


selec  ted  for  a  deter  fed  output  voltage  of  l).Zr> 
volts  .it  the  nominal  KF  level.  The  d<  voltage 
loeds  a  voltage  comparator  whose  reference 
voltage  is  set  to  provide  an  alarm  signal  at  a 
point  approximately  1-1 /d  to  i  dfi  below  the 
minimum  acceptable  KF  levs*  I  .  Thus,  temperature 
effects  and  other  drift  jva ramet e r s  will  not  cause 
a  false  alarm. 

The  various  alarm  signals  are  led  into  the  alarr. 
module*  in  the  F1)L  ami  pr  eampl  i  V  i  i*r  module  in  l  he 
SOI'  to  generate  a  compos  I  te  al  irm.  These  a  1  a  rtn 
signals  whieli  are  TTL  compatible,  are  summed  with 
externally  generated  alarms  which  are  translated 
to  the  proper  levels  and  impedances  hi- lore 
summation.  In  the  case  where  the  external  alarm 
signals  are  led  t  rom  long  twisted  shielded  jjairs 
or  are  generated  from  relay  contacts  and/or  noisy 
sources  which  may  have  high  ac  ground  loop 
currents,  optical  couplers  ore  used  to  isolate 
the  noisy  environment  from  the  systems. 

Limiting 


lie  svstem  is  designed  such  that  removal  or 
replacement  of  anv  module  can  be  effected 
without  causing  intolerable  phase  or  amplitude 
per t urba t i ons  on  other  active  outputs.  This 
design  insures  that  S  MHz  perturbations  which 
>an  be  multi  pi  fed  1  JUU  to  2Ut)i»  times  in 
subsequent  chains  of  frequency  multiplications 
do  not  cause  system  outages.  Minimal  phase 
perturbations  are  insured  by  the  use  of  high 
isolation  amplifiers  and  a  high  degree  oi 
shielding  betwi  n  active  . ircuitry, 

Circuit  hes ign 

!  he  ol lowing  paragra  us  describe  two  important 
fun-  f.  i  >nal  bl'i'  ks  f  the  the  distribution 

s  vs  r  err  . 


H  \  A  m  j)  1  i  t_i_e  r  s 


T’.c  amplifier  stages  use<l  for  S  MHz  ••  aessing 
1  n  various  parts  ot  the  svstem  are  case  ode 
;  rent  t  s  with  high  isolation,  low  noise,  and 
\igh  dynamic  range.  This  circuit  is  shown 
s.  nema  t  i <•  1 1  1  in  Figure  4.  To  meet  the 

Isolation  •  •  .pi  i remunt  of  1  00  dB,  special  layout 
i  rid  ;vk  \  iging.  techniques  were  utilized. 
.  ir-uj?  ga  i  n  is  -  .nit  rolled  by  the  unhypassi*d 
emitter  resistor  which  provides  ac  and  tic 
*•  t  u  b  i  1  1  z.i  I  ion  ot  tie-  circuit.  Output 

i  ran  s  f  orma  ?  i  on  <  i  r-  u  i  t  r  v  -  mivcrl  s  tin*  collector 
i  c  t-i  V'  ohms  with  a  source  VSWR  ot  1  .1 

'  1.  i.doi  grounding  techniques  wi  ih 

minimization  ot  base  lead  inductance  ami 

pir-tsirii  reactances  a  i  »•  neeessarv  ro  insure 
qtimal  pe  r  1  ormam  ••  of  the  circuit.  In  the 
i  o*  wb*re  a  balanced  9b  ohm  output  imped  am  e 
i  re-ju  i  re<jf  a  small  toroidal  transformer  is 
utilized  t.,  effe.i  t  la-  impedance  transformation. 


'Mode  OKI  pr 
.  of  i.Y>  i  s 


des  bias  temperature  coinpens.it  i  on 
KF  detector.  Capacitor  c.  I  *  i  is 


The  SDH  must  be  capable  of  accepting  an  input 
dynamic  range  of  K)  dB  and  maintain  a  constant 
output  of  +r)  dBm  +  1  dB.  Hence,  a  limiting 
circuit  is  necessary  which  has  low  noise 
characteristics  and  a  constant  Input  and  output 
impedance  to  properly  terminate  the  power 
splitters  and  maintain  high  isolation.  Figure  b 
shows  the  limiter  used  to  achieve  these 
objectives.  Closely  matched  back-to-back  KF 
signal  diodes  limit  the  Kir  amplitude  to  +0.7 
volts  and  >  reflected  power  is  absorbed  in  the 
hybrid  terminations.  The  quadrature  hybi  ids  are 
implemented  with  lumped  elements  as  shown  in  tile 
f  i  gure . 


Phase  Perturbation  Measurement 


Figure  b  is  a  block  diagram  showing  how  the 
O.OUlb  degree  b  -MHz  phase  perturbation 
requirement  is  verified.  The  b  MHz  input  signal 
feeds  two  high  isolation  amplifiers.  Dm- 

amplifier  output  feeds  a  XI DUO  multiplier  chain 
and  is  used  as  the  unperturbed  reference.  The 
other  amplifier  output  feeds  the  unit  under  test 
which  then  drives  an  identical  multiplier.  The 


bl)(Hi  MHz  outputs  are  mixed  to  yield 
where  amplitude  is  proportional  t 
difference  at  the  mixer  inputs, 
output  is  amplified  and  ted 
sensitivity  oscilloscope.  Prior 
measurement  ,  the  variable  phase 
adjusted  for  maximum  outputs  from 


a  dc  signal 
i  the  phase 
The  mixer 
to  .i  high 
Lo  making  a 
shifter  is 
the  FF.-tu>9  )A 


Microwave  Test  Set.  This 
lb  ■  in  the  relationship 
X  1U“^  where  is 

perturbation  and  e  is  the 
voltage.  Tin-  phase  shifter 
zero  volts  at  the  oscillosc 
maximum  mixer  sensitivity), 
pet  t.  ur  heel .  The  va  1  tie  ot  e 


•ond  i  t  i  on  tie  i  erm  i  nos 
=  sin'U  e/ho) 
tlic-  S  MHz  phase 
change  in  dc  output 
i  s  then  ad  just  ed  for 
»pe  input  l point  ot 
and  !  I  ii-  svst  em  i  s 
is  mil  ed  and  i  s 


ca  I  -  u  1  a  t  ed . 
and  a  r  ->l 


For  exaiti|t  I  e  , 
■>U  millivolts 


i  t  K, ,  is  1 
is  recorded. 


an 


G.OiUS  degrees.  This  measurement  technique  is 
quite  versatile  and  is  vised  tor  measuring  both 
stv.uiv  state  and  transient  phase  shifts  that 
oivur  from  shoek  and  vibration  events,  removing 
and  replacing  modules,  changing  load  impedanres, 
and  varving  ac  voltage  inputs. 

Meehan ica 1  Pac kaging 

A  modular  concept  has  been  used  for  the 
t requenoy  distribution  subsystem  in  order  to 
enhance  ma i nt a i nab i l i t v ,  simplify  logistics,  and 
permit  economic  manufacturing.  Figure  7  is  a 
photograph  of  the  FGl*  showing  both  quartz 
frequency  standards  and  a  phase  comparator. 
Internal  batteries  are  provided  for  2  4  hours  of 
operation  without  ac  power. 

Figures  8  and  9  show  the  PDU  which  consists 
ot  live  different  module  types.  Kach  module  is 
totally  enclosed  and  has  an  RK I  filter 
compartment  in  order  to  preserve  shielding 
integrity.  Hie  modules  can  he  inserted  or 
removed  directly  from  the  front  panel  without 
disturbing  other  modules.  Kach  module  has  a 
power  indicator  and  various  status  and  tault 
lights.  Front,  panel  test  points  are  provided  for 
monitoring  the  redundant  dc  voltages.  Figures  10 
and  l  l  shows  the  mechanical  construction  of  the 
SOI.  This  drawer  consists  of  three  different 
nodal*-  types,  preamplifier,  distribution 
amplifier  and  power  supply.  Seven  u  *. ..  r  ibut  ion 
amplifiers  are  used  to  provide  the  fifty-six 
outputs.  Figure  12  shows  the  internal 

construction  or  a  preamplifier  module.  Each 
amplifier  section  is  shielded  to  maintain  an 
isolation  « >  f  lnu  dK  between  outputs.  The  RF I 
filtering  compartment  is  totally  isolated  and  the 
if'put  cornu**  for  direct  lv  addresses  this 


compartment.  Power,  command  and  alarm  signals 
are  RF1  liltered  at  this  interface. 


Environmental  Conslderat ions 


The  frequency  distribution  subsystem  has 
been  designed  to  meet  the  environmental 
specification  shown  in  Table  1.  Conservative 
component  derating  ensures  that  the  equipment  lias 
a  service  life  of  years.  Performance 
specifications  are  met  during  high  G  inputs 
specifically  encountered  in  transportable  vans. 
Care  has  been  taken  to  insure  that 
mic rophonica 1 ly  induced  phase  and  amplitude 
modulations  are  reduced  to  negligible  levels. 
Critical  circuit  elements  are  slaked  In  place 
using  resilient  adhesives  and  all  KF 
i nterconnect ion  cables  are  likewise  encapsulated. 
The  PC  boards  are  coated  with  a  humidity 
resistant  material.  The  circuitry  has  been 
designed  to  bo  essentially  broadband  in  nature  to 
minimize  the  effect  of  temperature  variations  on 
output  levels.  Over  a  range  of  0  to  +50°C,  the 
level  variation  is  less  than  +0.2  db. 


Conclusion 

This  paper  describes  a  low  noise  frequency 
distribution  system  which  is  designed  for 
continuous  use  in  severe  environments.  The 
design  stresses  both  long  term  reliability  and 
electrical  performance  which  emphasizes  low 
spurious  signals,  low  cross  talk  and  low  phase 
perturbations.  The  system  consisting  of  a 
Frequency  Generation  Unit,  a  Primary  Distribution 
Unit  and  a  Secondary  Distribution  Unit  has  been 
qualified  to  MI L-K- l 6400  for  environment  and 
M1K-STD-461  for  electromagnetic  compatibility. 


TABLE  1 


PERFORMANCE  CHARACTERISTICS 
FREQUENCY  DISTRIBUTION  SUBSYSTEM 


1.  OUTPUTS:  FIFTY-SIX  5  MHz  AT  +  5  dBm 

FOUR  1  MHz  AT  +  13  dBm 

FOUR  100  KHz  AT  +  13  dBm 

ONE  50  KHz  AT  -  100  dBm 

2.  IMPEDANCE:  50  OHMS  UNBALANCED, 

95  OHMS  BALANCED 

3.  VSWR:  1.2:1 

9.  PHASE  PERTURBATIONS:  0.0016° 

5.  AMPLITUDE 

PERTURBATIONS:  0.01  dB 


6.  SPECTRAL  PURITY:  -  120  dBc  FROM  50  Hz  TO  2  MHz 

OFFSET  FROM  CARRIER 

7.  PHASE  NOISE:  2  dB  ADDITIVE  COMPONENT,  -  165  dBc/Hz  FLOOR 

8.  HARMONICS:  90  dB 

9.  FREQUENCY  STABILITY:  1  x  10~9/M0NTH,  2  x  1  O'1 2/SECOND 

10.  MICROPHONICS:  I  x  10~9/G 

11.  MTBF:  30,000  HOURS 

12.  EMC:  MIL-STD-961 


13.  VIBRATION: 
19.  SHOCK: 

15.  HUMIDITY: 

16.  TEMPERATURE: 


2.50  FROM  2  Hz  TO  500  Hz 
150  FOR  11  mSF.COND 
95%  RELATIVE 
-  20  °C  TO  +  65  °C 


55A 


55H 


Figure  >.  Primary  Distribution  Unit  (PDC),  Model  FE-798A, 
Block  Diagram 


Q8 


Block  Diagram,  Constant  Impedance  Limiter 


gure  7.  Frequency  Generator  Unit  (FGU),  Model  KE-50bbA 
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ABSl KACi 

Fxtremely  low  noise  hiy.li  performance  wide 
hand  hut Ter  amplifiers  and  buffered  phase 
comparators  have  been  developed  for  the 
NASA  Goddard  Space  K1 ight  Center  Atomic 
ilvdrogen  Standards  Program.  These  buffer 
amplifiers  are  designed  to  distribute 
reference  frequencies  from  10  KHz  to  45  MHz 
f  ru"  a  hydrogen  maser  without  degrading 
the  hvdtogen  maser’s  per t ormance .  The 
hutiered  phase  comparators  are  designed  to 
int  efompare  the  phase  of  state  ot  the  art 
hvdro/.en  masers  without  adding  any  signi¬ 
ficant  measurement  system  noise.  These 
.evices  have  a  37  femtosecond  phase  sta¬ 
ll  itv  floor  and  are  stable  to  better  than 
picosei-ond.  tor  long  periods  of  time, 
heir  temperature  coefficient  is  on  the 
or  h-r  uf  •  uu1  picosecond  per  degree  C  and 
thev  have  shown  virtually  no  voltage  co¬ 
efficients.  hhen  used  in  distribution 
amplifiers  and  phase  comparison  systems, 
these  device,  have  greater  than  HO  db  of 
; so ; at  ion. 


!  N  I  R  '  !>1  :<  "i  I  |)N 

■:  FUG  :  i  n  i neer  i ivg  Corpor.it  ion  (BFF.C.i  has 
o-'viding  rield  engineering  support,  to  NASA 
ri  na  e  i  ’  1  ight  1  Valor’s  <  GNFGi  hvdro/.en  maser 
en.  v  stand.. *r  Is  program  t<u  tlie  past  ten  yea  's, 
rt  *  this  support,  BF1 »  has  recent lv  been 
in.  and  testing  ultra  high  stability  RF 
i:  u.  1  i  i  ier  •,  i  m*  i  phase  comparators  originally 
.  1  1  •.  a-'  '  n>r  distributing,  and  measuring 

-user  •ri-'pien  ’■  'utpufs.  Ibis  paper  will 

*  -•  re  ent  tost.  ■  ■  BFP<  ,»n  the  performance 

*  ,■  i*  V-ri  ant  phase  cov.parnt  >rs . 


t.ctr  ■ !  t  he  art  Per  for  ■«  e 
.  '  i  ■.*  oh  o  ■ .  vast  hi  .eld 

i  p  i .  o  %e<  ond  .  D  i  g.ur  e  ; 

?  : ; i  I  •  r  -.us  t  /'hit  i  ■■ 

t  ■  .i  ’v  .  '  1  '  hi  as  t 
t-iy.  i  :  ■■  !  O  '  ‘Tig  ,  w!.i>  1 1  i  ■ 

>  t  j  t  i  * ’  i  *  •  ■  ■  j u i •; m  "  .  A  1  ;  i- 

i  :  ’  1  ,  ■■!  I  r-.n  «ruf  i  •), 


to  90  ub  at  5  MHz,  should  be  reserved  for  rare, 
one  time  occurrences. 

DjySCRJ  Ih'DW  n_F  DEV  KIKS 

Figure  2  shows  a  prototype  assembly  for  precise 
measurement  and  distribution.  It  was  selected  to 
show  the  devices’ modular  packaging.  There  are 
three  buffer  amplif  iers  shown  on  the  right.  1  Hoy 
provide  better  than  60  db  back  to  front  isolation. 
Gain  may  he  adjusted  from  0  to  10  db .  These  amp¬ 
lifiers  are  the  basic  building  blocks  of  the  four 
phase  comparators  on  the  left:.  The  phase  compar¬ 
ators  are  made  up  of  two  buffers  and  an  RF  mixer 
which  are  shielded  from  the  filters  and  zero  cross¬ 
ing  detector  providing  a  TTI.  beat  signal  output. 

Buffers  in  a  different  configuration  are  shown  in 
figure  1.  This  distribution  amplifier  uses  an 
input  driver,  an  8-wav  nower  splitter  and  eight 
buffer  amplifiers  to  provide  unity  gain  output 
signals  from  a  single  input.  The  splitter  in¬ 
creases  p<-rt  to  pert  isolation  to  90  db.  This 
configuration  was  built  at  BFFC  for  a  NASA  hydro¬ 
gen  maser.  Figure  4  shows  a  present  distribution 
amplifier  design  constructed  at  BFFC  for  manv 
app 1 icat ions . 

TIT STS 

Buffer  amplifiers,  buffered  phase  comparators, 
and  distribution  amplifiers  have  been  tested  tor: 

1.  line  domain  phase  stability 

2.  Temperature,  voltage,  slunk  and  AT  magnetic 
f i el d  sens  it i v i t ies 

U  Phase  noise  spectrum  out  to  1D0  KHz  from 
i arr i er 

4 .  Port  to  port  and  back  to  front  isolat  ion 
*>.  Bandpass  frequency  response 

6.  Harmonic  and  non-harmonic  related  distortion 
out  to  1  GHz.  from  a  5  MHz  carrier. 

line  Domain  Phase  Me  'sureinent 

lest  results  were  obtained  bv  an  NhS  dual  mixer 
test  technique  tor  !  ine  domain  phase  i'husui  enent  s . 
Shown  in  } inure  S,  identical  beat  signals  are 
applied  ?«>  the  start  and  step  inputs  ot  a  time 
interval  counter.  be  drift  •*:  the  VVXd's  will 
,  .nice  l  . 


Vv£i 


Vhe  t  l mo  Interval  stability  is  a  direct  measure¬ 
ment  ot  phase  noise.  Note  that  a  hydrogen  maser 
! requencv  standard  is  not  necessary  to  resolve 
maser  precision.  An  order  ot  magnitude  better 
performance  can  be  realized  it  t  lie  time  interval 
is  kept  smaller  than  the  time  constant,  ot  the 
filter.  I’he  test  system  is  extremely  versatile 
tor  modular  device  testing  since  test  devices  are 
either  i!>st  i  t  >:t  ed  •  •  j  s'  ! '-d  .  Phase  versus  temper- 
iturp,  voltage  and  shock  were  recorded  using  a 
. al.ulat or  and  digital  plotter. 

In  add  it  i.m,  the  calculator  was  used  to  make 
stability  cal cul at  ions .  Figure  6  shows  an 
equivalent  !  recjuencv  st  ability  due  to  random 
phase  v  hanges  versus  averag  i  ng  time.  Ihe  data 
was  taken  f  nni  an  earlier  [>aper  entitled  "A 
Modular  Multiple  Pse  Svst  em  t » '  r  Precise  lime  and 
Frequency  Measurement  and  D i  st  r  i but  i«m"^  where 
the  data  was  collected  tor  a  single  mixer.  Data 
tor  a  dual  mixer  set-up  will  he  roughly  a  square 
r  -  !  •?  :•*.»  t  jv:e:.  this  plot.  Hie  plot  shows  short 

ter-:’,  data  toughlv  .0  1  picoseconds  per  second 
averaging  out  to  100  seconds  where  room  tempera  - 
lure  cv.-ling  began  to  dominate. 

Figure  shows  a  tvpival  phase  comparator’s  temp¬ 
erature  peri ormance.  Ihe  top  line  is  a  plot  of 
phase  in  picoseconds  versus  the  bottom  line  of 
temperature  variation  in  degrees  centigrade.  Ihe 
c’.Mngi*  in  phase  per  degree  t  is  less  than  a  pico¬ 
second.  Note  the  peak  to  peak  noise  fluctuations 
whir:  are  approximately  .03  picoseconds.  Figure 
s  i,  a  tvpical  hul  t  er  amplifiers  temperature, 
per t ,  rmance .  Again,  the  change  in  phase  per  de¬ 
gree  0  is  less  than  a  picosecond.  The  peak  to 
peak  phase  noise  is  up  to  0.0  pi< osecond  since  the 
time  difference  between  beats  in  the  dual  mixer 
was’  not  sufficiently  short. 

In  the  same  test,  set-up,  the  butter  was  subject  to 
a  3  t  ■  10  (I  shock.  Phase  jumps  of  10  to  20  pico- 
sec.  n  *s  were  recorded.  At  first,  microphonic 
ca'  it  rs  were  thought  to  cause  the  disturbance; 
however,  further  testing.  found  that  the  movement 
•  •f  parts  ir.  relation  to  each  other  was  the  cause. 

! he  phase  jumps  uvre  reduce. I  to  less  than  a  pico¬ 
second  when  the  parts  were  epoxied  in  place.  B FIT 
is  ptesentlv  investigating  the  use  ot  thermal Iv 
conductive  potting  material  to  secure  the  position 
>!  parts  relative  to  me  another. 

Figure  •<  shows  '.he  voltage  sensitivities  ol  both 
the  butter  and  phase  comparators.  Phase  is  plot 
red  in  p i coseconds .  Ihe  top  line*  shows  tie- 
•hange  in  base  per  v-dr  In  a  typical  buffer  amp¬ 
lifier.  bottom  three  lines  show  changes  in 

phase  per  volt  in  each  ot  the  three  power  supplies 
ot  the  phase  comparator.  Ihe  zero  crossing  detec¬ 
tor  ol  the  phase  comparator  has  a  one  picosecond 
per  volt  <  op!  t  it:  lent  .  Whereas,  'nut  I  era  in  h.  h 
component  s  have  virtually  no  voltage  .oelti.  .nt 
since  t hev  each  c«n  i  i  separate  voltage  regu¬ 
lator.  Increased  c  tno»l  to  channel  power  su:».  ’ 
isolation  is  a«hie”  1  -easterns  ot  butter  ar.li 
f  i  e  rs  . 


•  i  p  e  c  t  r  a  1  Do m a_i  n  Me  a  surements 

A  spectral  phase  noise  test  set-up  as  shown  in 
figure  10  was  used  to  look  at  the  low  t requent v 
spectrum.  Identical  signals  are  mixed  in  quad¬ 
rature  to  output  small  voltage  fluctuations  pro¬ 
portional  to  phase.  A  variable  line  stretcher 
was  used  to  measure  the  phase  to  voltage  conver¬ 
sion  ratio.  Ihe  noise  analyzer  could  he  either 
a  lock-in  ampl if  ier  or  low  frequency  spectrum 
analyzer  where  noise  power  ot  a  given  bandwidth 
is  displayed.  Any  number  ol  test  buffers  may  be 
added  to  either  signal  path. 

The  phase  noise  spectrum  out  to  1  KHz  from  a  3  MHz 
carrier  is  displayed  as  noise  power  in  a  10  Hz 
bandwidth.  Figure  11  .  nmpares  tire  test  system 
shown  on  the  previous  slide  with  two  additional 
buffers.  Ihe  first  peak,  at  Zero  hertz,  is  due 
to  the  spectrum  analyzer's  local  oscillator. 

Sixty  cycle  ha rim >n i r s  a r e  a  1  so  i n t e r na 1  I v  gener¬ 
ated,  shown  in  figure  1  2 .  Noise  levels  are  rough¬ 
ly  i  db  higher  for  the  two  additional  buffers. 
Figure  11  shows  the  phase  noise  spectrum  in  a  1 00 
Hz  bandwidth  out  to  100  KHz  from  a  3  MHz  carries'. 
The  100  Hz  bandwidth  noise  level  is  higher  as 
expected.  Two  add i tonal  buffers  roughly  double 
the  noise  power  level  across  the  hand. 

One  buffer  was  introduced  to  a  10  guass  AT  mag¬ 
netic  field.  The  sixtv  cvcle  peak  rose  from 
an  average  -118  db  to  -136  db  ±  5  db.  The  same 
test  was  performed  on  an  8-wav  distribution 
amplifier  where  a  1  db  *  3  db  increase  was  ob¬ 
served  . 

Figure  12  compares  the  noise  floor  of  the  spectrum 
analyzer  with  the  noise  spectrum  of  a  phase  compar¬ 
ator  that  was  rewired  to  bypass  the  zero  crossing 
electronics.  The  band  width  of  the  test  system 
was  measured  at  900  KHz  by  phase  modulating  a 
noise  signal  on  one  leg  of  the  test  system.  A  10 
guass  AC  magnetic  field  was  applied  to  the  phase 
comparator  causing  the  sixty  cycle  peak  to  in¬ 
crease  to  -80  db.  Other  mixers  tested  were 
equally  susceptable  to  AC  magnetic  fields  and 
since  the  buffers  are  not  susceptable,  we  have 
initiated  procurement  of  RF  mixers  with  magnetic 
shielding  to  reduce  this  suscept ab i 1 i ty . 

Ihe  test  set-up  used  to  examine  frequency  response 
ot  butters  and  distribution  amplifiers  is  shown 
in  figure  14.  It's  a  basic  spectrum  analyzer-' 
tracking  generator  combination.  The  input  and 
output  signals  of  the  device  under  test  may  be 
reversed  to  measure  back  to  i ront  or  port  to  port 
isolation.  Figure  13  is  a  sample  group  ol  port 
to  port  isolation  measurements  at  3  MHz.  The 
test  results  are  from  a  test  run  on  an  8-wav 
distribution  amplii ier.  1  had  mentioned  previously 
that  the.  splitter  increased  the  port  t  o  port  iso 
lation.  The  splitter's  design  limits  the  isola¬ 
tion  as  evidenced  by  the  quadrant  grouping  of  the 
data.  Back  to  *  ront  isolation  was  measured  from 
all  eight  ports  at  greater  than  120  db. 


S(Vj 
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Figure  l(>  shows  the  frequency  response  to  100  MHz 
or  both  a  butter  amplifier  without  wain  and  a 
butter  amplifier  with  wain.  The  input  level  "as 
0  dbm  *  ().!  dh.  A  typical  bandwidth  rolls  ot  ;  J  db 
at  l h  KHz  out  to  bQ  MHz.  The  distribution  ampl i  - 
tier's  frequency  response,  shown  cm  f igure  17,  lias 
a  bandpass  of  20  KHz  to  r>S  MHz.  Figure  17  shows  a 
u,m  width  ot  100  MHz  and  a  vertiele  scale  oj  10  dh 
per  division.  Amplifier  design  is  is  such  that  the 
t eedhaek  is  trimmed  for  maximum  bandpass  response. 

distribution  amplitier  harmonics  are  typically 
greater  than  40  dh  down  t  rom  the.  carrier  at  5  MHz. 
Figure  Id,  typical  frequency  spectrum,  shows  the 
10  MHz  second  harmonic  at  VJ  db  down  from  a  11  dbm 
carrier.  Ihere  were  no  spurious  signals  to  a 
level  78  db  from  the  carrier  out  to  1  GHz. 

SGMllARy 

At  KFFi  ,  lurther  test  in,;  at  other  carrier  frequen¬ 
cies  will  be  porsued  along  with  engineering  changes 
t  improve  exist  in.;  performance  such  as; 

Totting  components  to  reduce  shock  sensitivity 
Tower  supplv  changes  to  improve  harmonic 
A i st or t  ion 

' .  Magnet ic  shielding  for  mixers  to  reduce  AC 
• ield  snscent abi 1 i t y  in  phase  comparators. 

despite  the  problems  just  outlined,  these  devices 
have  alreadv  proven  extremelv  useful  in  improving 
the  'U"i:v'  neitomance  oi  NAsA  hydrogen  masers. 

i  t.  r.  he  engineering  changes  just  described,  these 
.ievices  should  prove  even  more  useful  for  hydrogen 
vis."  t  ivquencv  distribution  and  measurement  and 
so  "ild  I ind  application  in  other  precise  time  and 
’  re-; 'lew  v  areas  . 
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1.  Time  disturbance  versus  isolation  and  carrier  f requem 
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4.  Distribution  amplifier  present  design 
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PHASE  NOISE  SPECTRUM 


SPECTRAL  PHASE  NOISE  MEASUREMENT  TECHNIQUE 
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10.  Spectral  phase  noise  measurement 
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11.  Phase  noise  of  buffer  amplifier  1  KHz  from  a  5  MHz  carrier 


FREQUENCY  RESPONSE  MEASUREMENT  TECHNIQUE 
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THE  FUTURE  0E  THE  QUARTZ  CRYSTAL  INDUSTRY  -  WORLDWIDE 
Panel  Discussion  Remarks 
Arthur  Bal lato 


Electronics  Technology  &  Devices  Laboratory 
USAERADCOM,  Fort  Monmouth,  New  Jersey  07703 


My  remarks  are  based  on  the  technological 
aspects  of  our  subject,  and  much  of  the 
material  presented  here  is  taken  from  the  paper 
of  Reference  1.  Before  attempting  any  extra¬ 
polation  to  future  performance  (as  seen  in  a 
crystal  ball),  it  is  instructive,  like  Janus,  to 
glance  backward  in  time.  To  this  end.  Fig.  1 
shows  worldwide  progress  in  timekeeping  for  the 
past  mi  1 1 enium. 2 

In  the  shorter  term,  a  brief  look  at  pro¬ 
gression  in  the  technology  of  crystals  is  given 
in  Fiq.  2  from  1945  onward.  This  scale  is  about 
right  for  displaying  those  areas  that  have  the 
greatest  impact  at  present  on  our  industry  -  and 
that  might  reasonably  be  expected  to  influence 
the  future  manufacture  of  units.  In  the  sequel, 
some  of  these  topics  will  be  touched  upon  brief¬ 
ly. 

Crystal  cuts  of  quartz  are  displayed  in 
Fig.  3.  At  present,  much  attention  is  being 
given  to  the  development  of  doubly  rotated  thick¬ 
ness  mode  cuts,  specifically  the  SC  cut.  As  the 
problem  of  rapid  and  cheap  X-raying  is  solved,  as 
will  be  within  the  next  several  years,  the  SC  cut 
will  take  over  many  of  the  applications  of  AT  cuts; 
the  circuitry  problems  associated  with  the  SC  cut 
appear  already  to  be  overcome.  Bulk  wave  reso¬ 
nators  of  the  grooved  and  ring-supported  variety, 
reported  on  elsewhere  in  these  proceedings,  can 
be  fashioned  with  any  crystal  cut.  Ultraminiature 
strip  and  GT-cut  resonators  seem  also  to  have  a 
bright  future  ahead  of  them.  For  frequencies  in 
the  upper  VHF  and  UHF,  surface  wave  devices  are 
very  attractive.  Fast- frequency-hopping  sources, 
and  signal  processing  systems  will  continue  to 
grow  in  applications,  and  SAW  devices  with  them. 

Figure  4  traces  the  history  of  the  processing 
ambient  over  the  past  forty  years.  The  story  is 
a  simple  one;  increasingly  high  vacua  to  attain 
better  and  better  aging  rates.  The  time  evolu¬ 
tion  of  vibrator  electrode  systems  is  given  for 
the  same  time  period  in  Figure  5.  It  would  appear 
that  the  circle  has  come  full-turn;  the  difference 
of  course,  is  the  level  of  cleanliness,  which  has 
increased  significantly  over  the  years.  The 
advantages  of  gold  over  aluminum  for  bulk  wave 
resonators  are  seen  in  Fig.  6.  Deposition  of 
gold  requires  clean  quartz  surfaces;  to  achieve 


the  required  level  of  cleanliness  means  attention 
to  details.  Some  of  the  technology  is  briefly 
mentioned  in  Fig.  2  under  the  heading  "Process¬ 
ing  Ambient".  This  category  requires  a  great 
deal  of  attention  by  our  industry.  Methods  of 
film  deposition  in  general  are  listed  in  Fig.  7. 

We  introduce  the  subject  of  crystal  enclosures 
with  Fig.  8  and  Fig.  9,  each  of  which  is  about 
twenty  years  old.  For  comparison.  Fig.  10  shows 
the  HC-18  enclosure,  with  solder  seal,  and  the  new 
ceramic  flat-pack  with  gold  gaskets  bonded  to 
alumina  by  thermocompression;  the  historical  evol¬ 
ution  seen  in  Fig.  8  to  Fig.  10  is  listed  in  Fig. 
11. 

One  of  the  most  useful  areas  of  quartz  reso¬ 
nator  technology  is  listed  in  Fig.  2  as  “Diagnos¬ 
tics";  it  is  spelled  out  in  more  detail  in  Fig.  12 
and  Fig.  13.  These  tools  have  already  taught  us 
much  about  the  quartz,  the  electrodes  and  holder, 
and  about  the  quartz-electrode  interface.  Diag¬ 
nostics  will  play  an  even  greater  role  in  the 
■future. 

Although  not  included  in  the  topics  of  Fig. 2, 
we  show,  in  Fig.  14,  some  of  the  developments  in 
temperature  control  and  compensation.  A  combina¬ 
tion  of  better  ovens,  use  of  SC  cuts,  and,  partic¬ 
ularly,  use  of  microprocessors,  will  produce 
greatly  reduced  temperature  sensitivity.  The 
circuitry  problem  itself,  however,  still  requires 
much  work.  By  this  is  meant  designing  circuitry 
around  the  quartz  vibrator  in  such  a  manner  that 
the  potential  of  this  remarkable  component  is  re¬ 
alized  fully.  This  is  far  from  the  case  today, 
and  this  area  represents  fertile  territory  for 
future  work. 

In  Fig. 15  we  have  sketched  frequency  stability 
figures  versus  time  since  the  appearance  of  the 
quartz  oscillator.  The  stability  values  are  for 
ovenized  units  sampled  at  the  optimum  rate.  The 
lines  have  been  extrapolated  to  the  year  2000.  The 
same  presentation  is  made  in  Fig.  16,  which  repre¬ 
sents  the  past  and  projected  performance  of 
conmercial  oscillators  operated  over  the  full  en¬ 
vironmental  ranges  of  temperature,  etc. 

Figure  17  shows  the  aging  performance  of  bulk 
wave  quartz  oscillators  as  function  of  time.  With 
the  use  of  the  technology  factors  outlined  in  Fig. 2 
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we  can  look  forward  to  reductions  of  the  aging 
rate  to  the  10" 12  range  for  small -yield,  high  pre¬ 
cision  units  by  year  2000,  and  high  volume  produc¬ 
tion  units  in  the  10"t)  range  by  then.  Application 
of  bulk  wave  technology  to  the  production  of  SAW 
devices  is  an  attractive  future  area  of  effort.  1 

One  remark  canbemade  for  certain:  the  best 
is  yet  to  come! 
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3.  Quartz  crystal  cuts. 


AMBIENT  IN  PRECISION  RESONATORS 
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4.  Ambient  in  precision  resonators. 
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5.  Evolution  of  quartz  vibrator  electrode  systems. 
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8.  Olde-fashioned  quartz  crystal  enclosures. 


7.  Methods  of  film  deposition. 
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11.  Evolution  of  quartz  vibrator  enclosures. 
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14.  Temperature  control  and  compensation. 
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16.  Frequency  stability  versus  year  for  conmercial 
oscillators  over  environmental  ranges. 


AGING  PERFORMANCE  OF  BULK  WAVE  QUARTZ  OSCILLATORS 


1 - 1 - L _ 1 _ I _ I _ I _ 

40  1950  19(0  1970  1990  1990  2000 

YEAR 


17.  Aging  performance  of  bulk  wave  quartz  oscillators 


Froc.  35th  Ann.  Freq  Control  Symposium,  USAERADCOM,  Ft.  Monmouth,  NJ  07703,  May  1981 


1 


THE  FUTURE  OF  THE  CRYSTAL  INDUSTRY  -  WORLD  WIDE 


Juergen  H.  Staudte 


Staudte  Engineering 
Anaheim,  California 


Introduction 

Experience  has  taught  that  detailed 
predictions  for  the  future  are  not  going 
to  be  accurate.  One  thing  is  for  sure, 
everything  will  change,  hut  details  of 
how,  when,  ar.J  where  cannot  b«  redicted. 
Nevertheless,  businesses  must  p.an  ahead 
in  order  to  prosper  or  even  to  survive; 
therefore,  assumptions  must  be  made. 

One  can  adjust  to  the  details  of  how, 
when,  and  where  as  long  as  the  company 
leadership  predicts  the  general  trends 
and  gets  the  company  emotionally,  organ¬ 
izationally,  technologically,  and  finan¬ 
cially  prepared  for  the  future.  The 
following  writing  will  discuss  such 
trends  from  an  overall  point  of  view, 
giving  reasons  for  the  trends, ci ting  num¬ 
bers  to  make  the  point  and  demonstrating 
the  possible  magnitudes  of  the  future 
trends . 

Market  Overview 

The  quartz  products  industry  is  pre¬ 
sently  so  diverse  and  fragmented  that  any 
real  market  data  from  the  past  are  incom¬ 
plete  and  inaccurate.  Looking  at  some 
past  attempts  to  predict  details  of  the 
future  of  the  industry  were  also  inaccur¬ 
ate.  By  talking  to  several  industry  lead¬ 
ers,  the  consensus  was  that  the  U.S.  sales 
for  quartz  products  is  at  least  $200  Mill, 
per  year  but  could  be  as  large  as  $400 
Mill,  per  year  if  captive  markets  are  in¬ 
cluded.  The  market  of  U.S.,  Japan  and 
Western  Europe  seems  to  be  at  least  $500 
Mill,  per  year,  but  can  be  as  large  as  $1 
Bill,  per  year. 

The  general  prediction  of  growth  in 
the  Electronic  Equipment  sector,  of  which 
Quartz  Products  have  a  small  part  of  the 
value,  is  a  15%  growth  per  year  for  at 
least  the  next  10  years.  There  is  no  rea¬ 
son  to  believe  that  the  quartz  products 
will  grow  less  than  the  general  electron¬ 
ics  growth  rate,  but  there  is  reason  to 
believe  that  it  will  grow  faster  at  a  rate 
of  23%  per  year.  Fig.  1  shows  the  impli¬ 
cation  of  such  a  growth.  I f  we  assume  the 


pessimistic  view  point  of  $500  Mill,  pre¬ 
sent  volume  and  15%  growth,  the  industry 
will  4  fold  to  the  $2  Bill,  per  year  rate 
in  the  next  10  years.  If  we  take  the  op¬ 
timistic  view  point  of  presently  having 
$1  Bill,  world  wide  consumption  and  23% 
per  year  growth  the  industry  will  be  at 
$8  Bill,  in  10  years.  Either  way  is  not 
bad.  This  growth  definitely  will  change 
the  operating  philosophy  and  structure  of 
the  industry. 


Fig.  1:  Quartz  crystal  products  growth 
over  the  next  ten  years  and  its 
relation  to  the  electronic  equip¬ 
ment  market. 


Fig.  1  also  shows  that  the  quartz 
products  must  compete  with  other  ways  of 
frequency  controlling.  As  quartz  units  be¬ 
come  smaller,  more  rugged  and  less  costly, 
the  non-quartz  resonator  products  such  as 


the  ceramic  resonators,  and  metal  reeds 
and  forks  will  be  replaced  by  quartz  de¬ 
vices.  The  advance  and  more  extensive  use 
of  semi-conductors  will  in  some  areas  re¬ 
duce  the  numbers  and  types  of  quartz  crys¬ 
tals  used,  but  at  the  same  time,  will  en¬ 
able  new  quartz  products  to  be  generated 
such  as  nrxo  and  quartz  products  which 
perform  entire  functions  (ref-rred  to  as 
Functional  Quartz  Products). 

The  Qu a_r _t z  P r od uct  Market 

Fiq.  2  shows  the  possible  future  cat- 
aqorization  of  the  quartz  products  as  the 
industry  markets  and  sells  those  products. 
Fach  catagory  is  explained  in  the  follow¬ 
ing  paragraphs. 


Fig.  2:  Categorization  of  the  future 
quartz  products  market. 

Qua r_t_z_M a_t e r  ial  And  Blanks 

The  trend  of  many  things  to  come  in 
the  quartz  crystal  industry  can  be  ob¬ 
served  by  what  the  semi-conductor  industry 
experienced  as  it  grew.  Initially,  the 
large  semi-conductor  companies  did  all 
crystal  growing,  cutting,  and  polishing 
themselves,  but  special! i zed  companies  em¬ 
erged  generating  the  raw  material,  growing 
the  crystals,  cutting,  and  polishing  the 
wafers  and  selling  them  to  the  semi-con¬ 
ductor  companies.  The  same  trend  is  hap¬ 
pening  in  the  quartz  industry  and  it  will 
continue.  The  only  exception  in  the  com¬ 
parison  is  that  the  parameters  such  as  the 
thickness,  dimension,  angle  of  the  cut, 
are  product  parameter  determining  factors 
and  in  some  instances  may  stay  under  the 
control  of  the  crystal  manufacturers. 

Many  of  the  new  products  and  manufacturing 
techniques  depend  on  much  better  quartz 
crystal  material  than  what  is  presently 


available.  Since  better  material  is  cur¬ 
rently  required,  those  companies  that  suc¬ 
ceed  in  producing  better  material  will 
dominate  the  market.  Significant  progress 
in  achieving  substantially  better  devices 
and  manufacturing  techniques  can  only  be 
attained  through  the  development  of  better 
materials  than  presently  available. 

Standard  Crystal  Products 

The  present  standard  products  will, 
in  the  future,  decline  in  numbers.  Rela¬ 
tive  to  the  future's  total  market)  standard 
produces  market  share  will  be  very  small. 
New  products  will  succeed  over  the  stand¬ 
ard  products  because  they  will  be  smaller, 
more  rugged  environmentally,  better  per¬ 
forming  and  less  costly.  The  quartz  con¬ 
tents  of  newer  products  will  be  reduced; 
glass,  ceramic,  or  quartz  crystal  material 
enclosures  will  become  the  standard. 

Photolithographic  Quartz  Products 

The  reason  for  putting  the  photolith¬ 
ographic  quartz  product  in  a  catagory  by 
itself  is  that  it  solves  many  problems 
which  made  quartz  products  undesirable  in 
comparison  to  other  electronic  components. 
Crystals  always  were  considered  too  large, 
too  sensitive  environmentally,  too  expen¬ 
sive,  and  too  difficult  to  use  relative 
to  other  components.  As  the  photolitho¬ 
graphic  technique  can  maintain  many  orders 
of  magnitude  better  accuracies  than  con¬ 
ventional  techniques,  etch  any  shape, 
process  very  large  batches,  produce  very 
small  devices,  the  handicaps  which  crys¬ 
tals  had  in  the  past  are  eliminated  stim¬ 
ulating  wide  usage.  The  crystals  always 
could  achieve  accuracies  and  reliability 
that  no  other  low  cost  devices  can  a- 
chieve,  but  soon  the  cost  is  low  enough 
that  the  quartz  oscillators  are  less  ex¬ 
pensive  than  LC  oscillators,  compen¬ 
sated  RC  circuits,  ceramics  and  metal  re¬ 
sonators,  and  other  mechanical  systems. 

Not  only  can  the  quartz  devices  replace 
many  present  designs,  but,  they  can  enable 
the  designer  to  change  some  concepts  on 
how  to  achieve  his  goals  by  using  the  new 
quartz  products.  Fig.  3  shows  the  cata- 
gories  of  photolithographically  produced 
quartz  devices.  Presently,  only  the  low 
frequency  devices  are  mass  produced  by 
the  photolithographic  method  in  Japan, 
U.S.,  and  Switzerland.  Fig.  4  shows  a 
wafer  of  tuning  forks  produced  photolitho¬ 
graphically,  It  must  be  noted  that  this 
method  can  produce  devices  from  8  KHZ  - 
100  MHz.  The  spectrum  of  devices  is  sin¬ 
gle  resonators  of  various  types,  mechani¬ 
cal  coupled  filters,  monolithic  filters, 
sensors,  and  SAW  devices;  however,  the 
actual  details  of  most  photolithographical 
devices  of  the  future  must  yet  be  invent¬ 
ed  . 
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A  .8  inch  X  .8  inch  crystal  wafer 
containing  75  finished,  tested, 
and  pretuned  crystals.  In  the 
future  wafers  of  4  inch  X  4  inch 
will  be  processed  with  several 
thousand  crystals  per  wafer  and 
of  a  host  of  designs  covering  a 
frequency  range  of  5  KHz  to  over 
100  MHz. 


fig.  5:  The  two  devices  shown  are  NT- 
tuning  fork  watch  crystals  of 
1974  vintage  produced  by  the 
photolithograph  process.  Pre¬ 
sently  watch  crystals  are  pro¬ 
duced  at  about  the  200  million 
units  per  year  rate  and,  in  the 
future,  production  will  further 
increase  and  be  processed  100% 
photoli t hog ra phi cal ly . 

Fig.  5  shows  some  already  obsolete 
devices  of  NT  -  type  tuning  forks  in  a 
ceramic  package  but  more  importantly,  it 
illustrates  the  capability  of  the  process. 
The  packaging  and  mounting  of  the  crystal 
chips  produced  is  still  a  problem  which 
must  be  economically  solved  in  a  large 
scale  production  environment.  This  again 
can  be  done  economically  with  packages 
made  entirely  out  of  single  crystal  quartz 
processed  by  photolithographic  methods. 

The  product  principle  was  tried  in  1973 
and  again  in  1977  but  had  to  be  abandoned 
for  large  scale  production  due  to  etch 
channels  in  cultured  quartz  which  rendered 
most  devices  as  leakers.  The  cost  of 
quartz  for  the  entire  packaged  device  can 
be  less  than  1C  if  large  enough  wafers  and 
small  enough  devices  are  being  fabricated 
with  yield.  The  processing,  testing,  and 
leadinq  can  all  be  performed  in  large 
batches  and  can,  therefore,  be  produced  in 
high  labor  areas  with  relatively  low  cap¬ 
ital  investment. 


New  And  Enhanced  Quartz  Products 

In  the  next  ten  years  new  and  enhanc¬ 
ed  products  will  proliferate.  The  reason 
for  this  proliferation  is  the  enourmous 
growth  in  the  size  of  the  market  arid  the 
demand  the  market  will  impose.  The  quartz 
resonator  can  vibrate  in  infinite  modes, 
coupled  to  each  other  in  infinite  possi¬ 
bilities,  and  crystal  units  can  have  in¬ 
finite  possibilities  in  shape,  size  and 
angle  of  cut.  Some  of  those  combinations 
will  result  in  superior  devices  and  gener¬ 
ate  new  products.  Packaging,  mounting  and 
sealing  will  evolve  rapidly  into  something 
less  expensive  and  many  times  more  stable 
and  hermetic  than  present  techniques.  A 
sample  of  what  is  to  come  is  shown  in 
Fig.  fi . 


Fig.  6:  The  devices  shown  apply  many  new 
designs  and  manufacturing  techni¬ 
ques  which  are  only  used  by  very 
few  manufacturers.  The  latest 
construction  of  a  precision  crys¬ 
tal  in  production  using  an  SC  cut 
blank  mounted  by  polyimide  organ¬ 
ics,  enclosed  in  a  ceramic  pack¬ 
age,  sealed  by  thermo  compression 
bonding,  processed  in  an  oxygen 
plasma  or  ozone  environment  and 
high  temperature  vacuum  environ¬ 
ment,  using  pure  gold  electrodes 
on  quartz  blanks  which  are  deep 
etch-polished.  The  small  devices 
are  prototypes  for  a  low  cost 
high  frequency  crystal  using  iden¬ 
tical  manufacturing  techniques  and 
materials  except  the  crystal  is  a 
strip  AT  photol i thographical ly 


processed,  and  the  sealing  method 
is  by  a  metal  reflow  technique. 

As  new  processing  knowledge,  measuring 
techniques,  and  a  better  understanding  of 
quartz  resonator  theory  is  attained  or  bor¬ 
rowed  from  other  industries,  manufacturing 
techniques  will  also  change  radically.  To 
be  competitive  in  this  new  world,  the  aver¬ 
age  manager,  engineer,  scientist,  and  man¬ 
ufacturing  person  has  to  upgrade  their  com¬ 
petence  and  professionalism  in  order  to 
participate  in  the  future  changes  or  even 
understand  the  changes  in  industry  which 
are  presently  going  on. 

Functional  Quartz  Components  Products 

The  todays'  electronic  systems  engin¬ 
eer  really  does  not  want  to  work  with  a 
host  of  analog  components  to  achieve  the 
function  he  wishes  to  perform.  He  wants  to 
buy  the  function  in  a  customary  package  and 
use  it  with  a  customary  power  supply  and 
layout.  For  this  reason  the  crystal  itself 
is  less  popular  than  the  functional  elec¬ 
tronic  building  block.  Fig.  7  shows  the 
areas  where  functional  building  blocks  can 
be  achieved  today.  Most  functional  build¬ 
ing  blocks  are  made  today  in  printed  cir¬ 
cuits  or  in  hybrid  form  (see  Fig.  8),  pack¬ 
aged  in  odd  housings.  The  future  will  see 
more  and  more  of  such  functional  components 
especially  as  size  and  price  will  shrink 
rapidly.  Fig.  9  shows  such  products  pack¬ 
aged  in  a  dual  in  line  package.  Presently, 
they  are  available  in  limited  versions  but 
they  point  the  way  of  things  to  come.  De¬ 
vices  as  complex  as  DCXO's  and  synthesizers 
will  come  in  such  packages.  Since  most  of 
such  devices  are  externally  frequency  pro¬ 
grammable,  the  need  for  making  small  quan¬ 
tity  production  runs  of  crystals  in  many 
different  frequencies  is  eliminated.  A  set 
of  maybe  30  different  programmable  func¬ 
tional  building  blocks  may  be  able  to  cover 
90%  of  all  up  to  medium  precision  device 
needs . 


Fig .  7 
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Fig.  3  This  unit  performs  an  entire 
electronic  function  having  a 
quartz  crystal  integrated  into 
the  hybrid. 


nr 

#  ' 


Fig.  9:  These  dual  in  line  units  consist 
of  an  IC  and  a  crystal  performing 
an  electronic  function.  The  out¬ 
side  units  have  photolithograph- 
ically  produced  crystals  of  the 
MT  design  and  the  center  unit  of 
the  tuning  fork  design.  The  cen¬ 
ter  unit  has  a  separately  pro¬ 
cessed  crystal  which  later  was 


epoxied  into  the  IC  package  which 
provided  a  cavity  for  it.  Both  the 
IC  and  crystal  can  be  final  tested 
separately  and  final  laser  tuned 
together  as  a  system.  The  future 
will  have  a  host  of  devices  using 
this  principle. 


Quartz  Sub-Systems  and  Systems 


For  the  greatest  accuracies  achievable, 
a  !systems  approach  for  making  frequency  and 
time  references  has  to  be  applied.  Many 
products  other  than  the  frequency  and  time 
references  will  use  quartz  devices  as  a 
heart  of  the  sub-system  or  system.  These 
products  include  DCXO’s,  acce lerameters, 
pressure  gauges,  thermometers,  synthesiz¬ 
ers,  etc.  and  will  proliferate.  Frequency 
references  with  substantial  greater  accur¬ 
acy  than  present  devices  are  needed  now  in 
order  to  implement  many  of  the  communica¬ 
tion,  data  transmission  and  navagational 
systems  already  designed.  Presently,  the 
most  accurate  crystal  in  the  laboratory  is 
of  electrodeless  design,  using  an  SC  cut 
contoured  blank  with  quartz  bridges  for 
mounting.  Many  other  innovations,  invented 
or  not  yet  invented,  will  be  applied  to 
the  design  and  fabrication  of  new  devices 
with  lower  aging,  higher  Q,  and  are  envir¬ 
onmentally  less  sensitive.  Relatively  lit¬ 
tle  theoretical  attention  has  been  given  to 
the  crystal  oscillators  external  circuitry 
for  achieving  its  ultimate  accuracy.  In 
the  future  most  of  the  additional  accura¬ 
cies  of  quartz  crystal  references  will 
come  from  the  improvement  of  electronic 
circuits  not  devices  such  as  locking  to¬ 
gether  an  oscillator  designed  for  short 
term  stability  with  an  oscillator  designed 
for  long  term  stability  such  as  atomic 
standards  manufacturers  have  done  for 
years.  Electronic  compensation  will  also 
be  used  for  acceleration,  vibration,  temp¬ 
erature  and  other  environmental  conditions. 
Since  the  electrodeless  design  seems  to 
give  the  ultimate  stability,  the  problem 
of  minor  variations  in  electrode  capaci¬ 
tance  could  be  electronically  compensated 
by  measuring  the  variations  of  the  elec¬ 
trode  capacitance. 


How  Will  The  Industry 
Change  And  Operate 


As  the  quartz  product  industry  is  sim¬ 
ilar  in  technological ,  management  and  man¬ 
ufacturing  aspects  to  the  semi-conductor 
industry,  studying  the  management  techni¬ 
ques,  history  and  problems  of  the  semi-con¬ 
ductor  industry  can  give  us  some  insight 
into  the  future  of  the  crystal  industry. 

The  reason  the  crystal  industry  has  not 
made  as  rapid  technological  advances  as  the 
semi-conductor  industry  is  due  to  its  re¬ 
lative  small  size  and  lack  of  growth  in  the 
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Fig.  10:  Some  blocks  are  not  arranged  in  the  proper  sequence  but 
are  shown  for  better  comparison.  The  crystal  industry's 
similarity  to  the  semi-conductor  industry  is  great  es¬ 
pecially  in  the  new  process  technologies.  Both  indus¬ 
tries  are  material  based  and  share  management,  process, 
and  manufacturing  philosophies.  The  photolithographic 
quartz  crystal  processing  was  developed  by  borrowing 
from  the  traditional  quartz  industry's  technologies  and 
from  the  semi-conductor  industry's  technologies. 


jast.  As  the  crystal  industry  has  an  ex¬ 
plosive  growth  period  ahead,  technological, 
management,  and  manufacturing  aspects  of 
the  industry  will  also  grow  explosively. 

Since  the  crystal  industries  manage¬ 
ment  techniques,  most  manufacturing  meth¬ 
ods,  and  diagnostic  and  support  technolo¬ 
gies  arc  the  same  as  those  of  the  semi¬ 
conductor  industry,  the  achievements  in  all 
those  fields  of  the  semi-conductor  indus¬ 
try  can  be  transferred  directly  making 
growth  in  the  crystal  industry  even  more 
explosive  in  the  future.  Applying  the 
semi-conductor  industries'  achievement  is 
just  a  matter  of  being  able  to  afford  the 
investments.  As  the  market  grows  the  in¬ 
dustry  will  have  companies  with  signifi¬ 
cant  market  share  to  afford  the  invest¬ 
ments.  Fig.  10  shows  the  similarity  of 
the  industries. 

The  concept  of  the  learning  curve 
which  predicts  achievements  in  cost  reduc¬ 
tion,  quality  increases,  performance  in¬ 


creases  etc.  is  a  tool  being  used  by  the 
semi-conductor  industry.  With  the  learn¬ 
ing  curve,  one  can  forsee  what  can  be  a- 
chieved  with  increased  experience  which  is 
measured  quantitatively  by  the  accumula¬ 
tive  volume  achieved.  This  tool  can  give 
trends  quantitatively,  if  special  condi¬ 
tions  are  factored  into  the  interpretation 
of  the  data.  Almost  everyone  I  talked  to 
in  the  crystal  industry  does  not  believe 
in  the  learning  curve  principle  or  in  its 
validity  or  applicability  to  the  crystal 
industry.  Nevertheless  when  historical 
data  of  many  industries  is  taken,  the 
accuracy  of  the  principle  is  substantia¬ 
ted.  As  the  total  quartz  crystal  indus¬ 
tries'  accumulative  volume  for  the  tradi¬ 
tional  technologies  is  already  very  large 
and  the  present  increases  are  relatively 
small,  progress  will  be  almost  non-exis- 
tant  (except  lowering  cost  by  manufactur¬ 
ing  in  a  low  labor  area) .  As  new  technol¬ 
ogies,  methods,  and  concepts  are  emerging 
those  companies  possessing  the  new  tech¬ 
nologies  are  in  a  low  accumulative  volume 
position.  If  those  companies  are  properly 
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managed,  financed,  and  staffed,  they  can 
achieve  a  steep  learning  curve.  Fig.  11 
shows  the  concept  graphically.  Accumula¬ 
tive  volume  is  achieved  by  selling  numbers 
of  units.  As  in  any  market  only  a  finite 
number  of  units  can  be  sold  profitably. 

The  company  which  achieves  market  share 
over  the  competition  will  achieve  the  low¬ 
est  cost,  the  best  performance,  and  best 
quality,  assuming  they  can  achieve  steep¬ 
ness  of  the  learning  curve  at  the  same 
time.  Many  companies  will  not  achieve  as 
sizeable  a  market  share  or  steepness  of 
the  curve  as  their  competitors  and  must, 
therefore,  merge,  go  bankrupt,  or  re¬ 
structure  and  find  an  insignificant  market 
niche,  a  precarious  position. 


Fig.  11 

The  next  question  asked  is  who  is  go¬ 
ing  to  be  in  the  game  and  where  does  it 
leave  the  little  guy?  The  guestion  of 
course  cannot  be  answered,  but  looking  at 
the  history  of  other  industries,  possible 
answers  can  be  forseen.  It  is  still  wide 
open  as  to  which  existing  companies  or 
new  companies  will  be  cominant  and  suc¬ 
cessful  in  the  future  because  the  real 
growth  in  volume  and  technological  ad¬ 
vances  is  still  to  come.  Nevertheless 
these  trends  already  have  begun. 


leadership 

While  good  management  in  the  future 
is  an  absolute  necessity  for  survival,  it 
is  not  the  only  ingredient  for  success. 


As  companies  go  through  new  generations  of 
managements  there  is  a  tendency  away  from 
the  founding  enterprises  led  by  an  indiv¬ 
idual  or  group  which  understood  the  product 
philosophy,  its  technology  and  market,  to¬ 
ward  a  management  where  pure  managers  lead 
the  enterprise  with  only  shallow  knowledge 
of  the  industries'  technologies  and  mar¬ 
ket.  Today  the  different  aspects  of  man¬ 
agement  have  been  professionalized  to  a 
point  where  all  enterprises  can  be  man¬ 
aged  by  a  team  of  well  trained  profession¬ 
al  managers.  These  managers  will  not  suc¬ 
ceed  in  the  long  term  in  this  highly  com¬ 
petitive  world,  as  they  cannot  lead  the 
enterprise.  Fig.  13  shows  the  elements 
necessary  and  process  to  be  followed  for 
future  success  in  the  crystal  industry. 

The  leadership  must  have  hands  on  compe¬ 
tence  in  those  areas  to  be  able  to  lead. 

The  technical  oriented  leadership  must, 
of  course,  be  complemented  by  managers 
who  are  current  in  such  areas  as  account¬ 
ing,  finance,  sales,  personnel,  OC , 
general  administration,  production  con¬ 
trol,  supervision,  legal,  etc.  If  on  his 
own  the  non-technical  manager  can  manage 
the  company,  but  cannot  provide  leadership 
for  the  company  his  efforts  will  ultimate¬ 
ly  lead  to  failure. 


barge  enterprises  have  a  tendency  to 
put  managers  in  charge  and  let  the  product 
specialist  be  the  assistant  to  the  manager. 
Smaller  companies  usually  are  led  by  a 
technologist  with  good  market  knowledge 
and,  therefore,  have  an  advantage,  over 
larger  enterprises  despite  all  other  hand¬ 
icaps. 


Dedication 


In  order  to  succeed  in  an  interna¬ 
tional  competitive  environment  which  the 
quartz  industry  is  in,  a  total  dedication 
to  the  product  development,  productivity 
improvement  and  market  expansion  must 
exist.  If  this  dedication  in  the  entire 
enterprise  does  not  exist,  the  company 
will  not  show  staying  power.  Fig.  12 
shows  that  progress  must  be  made  in  small 
steps  while  volume  is  accumulating.  If 
an  enterprise  is  not  steadily  pushing  for 
progress,  but  reacts  only  when  profita¬ 
bility  suffers  due  to  obsolescence  or 
lack  of  productivity,  a  crash  program  to 
catch  up  will  certainly  fail  no  matter 
how  much  money  or  personnel  is  thrown  at 
it.  This  lack  of  dedication  usually 
exists  in  every  company  or  department 
owned  by  a  large  enterprise  where  the 
crystal  products  are  a  sideline  and  not 
the  mainstay  of  business  of  the  larger 
entity.  The  independent  company  definite¬ 
ly  has  the  advantage  even  if  it  is  small 
in  size. 
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Fig.  13  shows  the  crystal  companies 
creative  process  of  marketing,  develop¬ 
ment,  and  engineering.  That  creative  pro¬ 
cess  must  be  embedded  in  the  enterprises' 
philosophy.  If  a  company  is  divided  into 
two  main  activities,  one  must  divide  it 
into  the  professional  and  creative  activ¬ 
ities.  The  reason  for  a  companies  exis¬ 
tence  as  far  as  the  market  (the  ultimate 
provider  of  money/profit)  is  concerned  are 
the  services  or  product  it  delivers.  The 
market  does  not  care  about  anything  else. 
In  order  to  satisfy  the  market,  the  pro¬ 
duct  or  service  provided  must  be  the  best 
in  all  aspects  and  that  can  only  be  a- 
chieved  if  the  company  generates  a  steady 
stream  of  new  products  of  highest  quality 
and  at  the  lowest  cost  possible.  An 
aggressive  posture  must  be  taken  in  the 
development  of  product  innovations  and 
increase  of  productivity.  This  progress 
is  generated  by  the  creative  groups  and  is 
implemented  by  the  professional  groups  in 
the  organization.  Such  a  structure  is 
more  natural  in  a  small  company  but  small 
companies  can  lack  professional  power  due 
to  the  scarcity  of  resourses. 


Fig.  13  The  crystal  industries  creative 
processes  are  shown.  Each  com¬ 
pany  of  the  industry  should 
either  participate  in  this  pro¬ 
cess  or  at  least  be  familiar 
what  the  industry  accomplishes 
and  then  apply  it  into  inhouse 
programs . 


Personnel 

As  the  crystal  industry  grows,  it 
provides  many  opportunities  for  motivated 
and  creative  new  people  to  enter  the  field. 
The  work  environment  and  rewards  which  can 
be  given  in  a  growth  industry  are  best 
satisfied  in  a  small  company.  A  small 
company  is  more  likely  to  concentrate  on 
the  creative  and  professional  aspects  on 
hand  rather  than  worry  about  activities  of 
political,  procedural,  or  bureaucratic 
natures . 

Government 

Over  the  past  15  years  the  U.S. 
government  actions  have  virtually  shut 
out  the  entrepreneural  and  small  company 
from  available  investment  resources  by 


its  changes  in  tax  laws,  and  an  oppressive 
amount  of  regulations.  The  small  enter¬ 
prise,  or  individual  who  in  the  past  have 
provided  virtually  all  major  innovations 
in  America  have  been  made  impotent  due  to 
the  many  regulatory  restrictions  put  upon 
them.  Only  large  enterprises  can  economi¬ 
cally  and  structurally  comply  with  these 
restrictions.  Presently  this  trend  may 
be  reversing,  and  will  be  the  biggest 
determining  factor  of  whether  the  U.S. 
enterprises  will  play  a  significant  part 
in  the  world  wide  crystal  business.  In¬ 
vestment  resources  and  freedom  of  action 
is  a  condition  for  successful  growth  in 
a  competitive  world. 

Conclusion 

The  world  wide  crystal  products 
business  will  grow  explosively  over  the 
next  ten  years  to  a  minimum  of  $2  Bill, 
to  a  maximum  of  $8  Bill,  dollars  in  sales. 

The  quality,  performance  and  spectrum 
of  products  will  significantly  increase. 

The  average  price  will  significantly 
decrease . 

Business  as  usual  will  lead  to  the 
eventual  failure  of  many  crystal  compar. 'os. 
The  number  of  crystal  products  companief 
will  decrease  significantly  by  merger 
and  bankruptcies.  A  few  companies  will 
dominate  and  will  have  significant  market 
share. 


If  the  U.S.  government  over  the  next 
ten  years  will  provide  a  favorable  bus¬ 
iness  climate  by  dropping  unnecessary  reg¬ 
ulations  and  requirements,  and  by  tax 
reductions; spur  investments  and  bring 
about  resurgence  of  public  offerings, 
newly  formed  companies  over  the  next  few 
years  and  independent  small  enterprises 
will  grow  to  dominate  the  industry.  For 
example  the  small  newly  formed  semi¬ 
conductor  companies  in  the  1960 's  have 
eventually  grown  to  dominate  the  industry 
instead  of  the  existing  electronic  es¬ 
tablishments  such  as  General  Electric, 
Westinghouse,  and  Bendix.  Worldwide  the 
IJ.S.  will  have  market  share  over  other 
countries. 

If  the  U.S.  government  will  keep  or 
continue  to  increase  its  tax  and  regu¬ 
latory  burden  on  the  economy,  most  small 
companies  will  be  finished  over  the  next 
ten  years  in  the  U.S.  and  only  some  large 
companies  will  continue  some  crystal 
activity.  Foreign  competition  will  domin¬ 
ate  the  crystal  industry  and  the  U.S.  will 
only  have  an  insignificant  market  share 
which  is  protected  by  military  needs. 
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In  the  next  decade  It  appears  the  consumer  area 
may  become  dominant. 


SUMMARY 

Thor**  is  a  widespread  feeling  that  the 
quartz  crystal  industrv,  on  a  global  basis,  is 
entering  a  new  phase.  First,  like  many  other 
electronics  markets  many  segments  of  the  market 
for  ervsta!  products  are  hecoming  truly  inter¬ 
national  in  character.  A  second  aspect,  of  which 
the  first  is  a  consequence,  is  the  rising  impor¬ 
tance  of  high-volume,  low-cosi  crystal  products 
'or  consumer  md  commercial  applications.  The 
to! lowing  remarks  attempt  to  present  a  simplified 
view  of  the  U.S.  industry  and  its  future  possi¬ 
bilities. 

In  order  to  analyze  the  future  of  the  quartz 
crystal  industry  in  the  United  States  it  is  help¬ 
ful  to  understand  the  present  structure  of  the 
U.S.  industry  and  markets.  Exclusive  of  com¬ 
panies  that  manufacture  mainly  for  internal  use 
there  are  some  AO  domestic  c rys tal /crys tal  filter 
manufacturers.  Of  these  none  has  more  than  102 
of  that  market  and  only  3  have  more  than  52. 
There  are  an  additional  30  or  so  companies  that 
specialize  only  in  oscillators  or  crystal 
blanks.  Tn  addition  there  are  approximately  1 
captive  suppliers,  representing  upwards  of  one- 
third  of  the  total  U.S .  manufacturing  capacitv. 

From  these  figures  it  is  evident  the  Indus¬ 
try  is  badly  fragmented.  Contributing  to  this, 
the  market  is  also  fragmented.  The  market 
divides  into  broad  areas  of  military,  commercial 
and  consumer  applications.  Within  these,  a 
variety  of  small  market  segments  exist.  The 
large-volume  segments  are  primarily  in  consumer 
areas.  In  these,  many  of  the  end  items,  and  an 
even  larger  fraction  of  the  crystal  products,  are 
manufactured  outside  of  the  U.S.  At  this  time 
there  remain  only  two  U.S.  companies  specializing 
In  the  high-volume  consumer  end-use  market. 

Until  World  War  II  the  dominant  influence  on 
the  quartz  crystal  industry  was  the  telephone 
industry.  During  the  next  two  decades  military 
and  telephone  requl rements  shared  dominance. 
Increasingly,  since  the  late  ’60's  these  Influ¬ 
ences  have  been  overtaken  by  commercial  and  con¬ 
sumer  requirements,  with  the  result  that  there 
has  been  a  rapid  decline  in  the  technical  contri¬ 
butions  to  tin*  domestic  crystal  industry  from  the 
military  laboratories  and  the  telephone  industry. 


A  recent  trend  in  the  industry  has  been  an 
increasing  loss  of  business  in  crystals  used  in 
high  volume  in  the  consumer  market  to  foreign 
suppliers,  with  U.S.  suppliers  taking  over  the 
function  of  distribution  and  seLltng.  At  the 
same  time,  most  U.S.  manufacturers  are  oriented 
primarily  to  supplying  the  domestic  market.  The 
resulting  growth  in  the  crystal  Industrial  base 
outside  the  U.S.  has  supported  Increasing  foreign 
technical  innovation.  Except  for  the  Internal 
suppliers,  individual  U.S.  manufacturers  do  not 
have  sufficient  size  or  capital  to  keep  pace  with 
all  of  this  new  development  effort. 

It  seems  likely  that  the  near  term  will  find 
drastic  readjustments  by  portions  of  the  industry 
most  affected  by  the  current  rapid  increase  in 
foreign  imports.  During  these  read  judgments 
there  will  probably  be  erratic  increases  in 
domestic  competition  as  displaced  capacity  is 
directed  to  other  market  areas. 

In  the  long  term,  extension  of  foreign  com¬ 
petition  to  higher  technology  portions  of  the 
U.S.  market  with  adjustment  of  U.S.  industry  to  a 
smaller  market  share  will  lead  to  more  domestic 
specialization  and  fragmentation  urless  the 
increasing  economic  pressure  to  merge  results  in 
significant  consolidation.  It  is  likely  that  the 
next  decade  will  see  greater  changes  in  the 
crystal  industry  than  in  the  past  30  years,  and 
only  those  firms  that  can  adapt  to  new  techniques 
and  markets  will  have  continuing  opportunities. 
Many  others  will  find  the  future  much  less 
at  t  ract ive . 

Worldwide  there  will  be  strong  growth  In  the 
crystal  market  (now  estimated  at  about  $550 
Million)  at  a  rate  faster  than  the  electronics 
market  as  a  whole  as  crystal  applications  diver¬ 
sify.  Much  of  this  growth  will  be  in  consumer 
areas  and  will  be  increasingly  dominated  by 
foreign  suppliers  if  present  trends  continue. 

In  summary  there  will  be  excellent  world¬ 
wide  growth  in  future  markets.  The  nature  of 
these  ma’ Vets  is  broadening,  with  increased 
emphasis  on  high-volume  products  which,  by  and 
large,  will  be  supplied  by  the  most  efficient  and 
aggressive  producers. 
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next  ten  years  to  replace  quartz  crystals 
either  in  performance  or  cost. 

I  am  neither  a  scientist  nor  a 
fortune-teller.  Before  speaking  of  the 
future,  therefore,  it  would  be  most  appro¬ 
priate  first  to  take  a  brief  review  of  the 
past — examining  earlier  trends  and  the 
problems  they  involved,  as  well  as  taking 
a  look  at  cl inges  in  market  needs  and  in 
the  demand  structure. 

Since  we  do  not  have  a  great  deal  of 
time,  let  me  briefly  introduce  a  basic 
breakdown  of  how  j  review  such  as  this 
should  be  carried  out. 


J.  For  each  application  of  quartz  crystals, 
it  is  necessary  to  have  a  grasp  of  at 
least  three  factors: 
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Descr i ot ion 


First,  I  wish  to  enumerate  several 
basic  isis urn  tions? 

i  .  '.'.'hen  I  speak  of  the  "future,"  s 
am  limitinu  myself  to  a  discuss¬ 
ion  of  the  next  ten  years  or  so. 
Without  this  definition,  we  would 
jet  too  involved  in  a  discussion 
of  a  fairytale  world  of  tomorrow, 
which  would  not  serve  our  purposes 
here  today. 

2.  We  assume  that  no  major  wars  will 
occur  in  the  world  over  the  next 
ten  years  to  disrupt  the  present 
demand  structure. 

i.  We  assume  that  the  economy  wiil 
advance  it  a  predictable  and  stea¬ 
dy  rate,  with  neither  a  major 
depression  nor  a  great  boom 
pe  r  i  od  . 

And  most  importantly,  4.  We  assume  that 
no  "  iter i a  1  will  he  created  during  the 


a.  The  growth  in  demand 

b.  The  level  of  quality  required,  in 
terms  of  reliability,  accuracy, 
frequency  range,  physical  dimensions, 
etc . 

c.  Trend  of  cost,  both  of  the  quartz 
crystals  and  of  their  final  products. 

2.  The  same  factors  as  mentioned  above 
must  be  considered  for  competing  compo¬ 
nents  such  as  ceramic  crystals. 

3.  The  progress  and  diffusion  of  integra¬ 
ted  circuits  must  also  be  taken  into 
cons idera  t ion . 

4.  An  accurate  evaluation  must  be  made  of 
the  striking  progress  seen  in  recent 
years  in  production  technology.  And 
finally,  5.  It  must  also  be  considered 
how  computers  have  recently  become 
usable  by  and  accessible  to  virtually 
any  user  at  a  low  price — a  vital  fact 
which  must  not  be  overlooked  for  a 
number  of  reasons. 

After  a  careful  gathering  of  data  on 
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those  five  basic  points,  a  proper 
analysis  will  lead  to  the  following 
rosu Its: 

1.  The  range  of  quartz  cry-tal  applica¬ 
tions  is  expanding  qreatly,  which  in 
turn  indicates  a  broad  expansion  in 
the  demand  for  crystal  units.  Also, 
with  the  proqress  in  ICs  and  the 
proliferation  of  microprocessors ,  a 
steady  increase  can  be  expected  in  the 
demand  for  products  incorporatin')  both 
ICs  and  crystal  units. 

2.  The  greatest  pari  of  the  qrowth  in 
demand  is  seen  in  terms  of  Mass  Series 
items,  and  the  proportion  occupied  by 
sinqle-item  orders  for  professional 
use--such  as  in  telecommun icat ions-- 
qrows  less  and  less  every  year. 
However,  while  the  proport  ion  of  pro¬ 
fessional-use  demand  goes  down,  demand 
quant i ty  itself  continues  to  rise 
steadily.  Also,  in  terms  of  relia¬ 
bility,  a  far  higher  level  of  relia¬ 
bility  has  been  demanded  in  Mass 
Series  items  up  till  now:  but  the 
difference  in  reliability  levels  bet¬ 
ween  Mass  Series  and  professional-use 
items  can  bo  expected  to  disappear. 

3.  The  inroads  being  made  by  ceramic 
crystals  into  the  quartz  crystal 
market  are  very  great,  especially  in 
the  low-frequency  range.  As  quartz 
crystal  manufacturers,  we  cannot 
ignore  this  threat  and  must  take  sfeps 
to  meet  this  challenge  successfully. 

4.  As  other  components  proceed  to  grow 
ever  smaller,  quartz  crystals  too  will 
be  required  in  ever  smaller  size. 

5.  It  is  a  true  fact  that  the  progress 
in  the  computer  inductry  will  expand 
our  own  work  load.  More  importantly, 
though,  it  will  also  permit  us  to 
make  spectacular  progress  in  the  tech¬ 
nological  area.  Together  with  the 
striking  progress  in  production  tech¬ 
nologies,  I  believe  that  the  possi¬ 
bility  will  arise  that  new  types  of 
crystal  units  can  be  created  incor¬ 
porating  even  more  advanced  oscilla¬ 
tion  principles. 

6.  Until  now,  progress  in  general  produc¬ 
tion  technologies  and  steady  growth  in 
demand  have  made  investments  in  mass- 
production  equipment  possible.  These 
trends  can  be  expected  to  continue 

in  the  future,  leading  to  ever  lower 
production  costs. 

From  these  various  points,  we  can 
see  that  the  future  demands  on  quartz 
crystal  manu facturers  will  be  a  streng¬ 
thening  of  development  capabilities, 
execution  of  heavy  facilities  invest¬ 


ments,  acquisition  of  new  production 
technologies,  and  provision  of  an  ever 
higher  level  of  education  to  employees. 
Realistically  speaking,  it  would  be  im¬ 
possible  for  all  manufacturers  to  carry 
out  a^l  of  these  tasks,  and  if  they  did, 
it  would  merely  result  in  a  meaningless 
competitive  race  which  not  only  would 
hinder  the  prosperity  of  the  inductry  but 
also  prevent  the  user  from  receiving  full 
benefit.  Only  meaningful  competition  can 
raise  the  level  of  technologies  and 
produce  full  value  as  needed. 

To  achieve  this  meaningful  competi¬ 
tion,  each  company  should  put  effort  into 
its  own  special  area,  elevating  its  deve¬ 
lopmental  capabilities  and  competitive 
power  in  that  area. 

In  this  way,  we  will  be  able  to  seek 
out  revolutionary  new  technologies  for 
our  quartz  crystals,  in  order  to  allow  the 
quartz  crystal  inductry  to  supply  products 
of  higher  quality  at  lower  cost,  permitt¬ 
ing  us  through  our  products  to  serve 
society  on  an  ever  larger  scale  in  the 
future . 
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Regarding  oscillator  crystals  the  CB-boom  has 
built  up  and  faded  away  due  to  the  frequency 
synthesis  coming  up.  The  range  of  consumer 
crystals  likejjhose  for  colour  T.V.,  watches 
and  clocks  is  still  expanding,  but  has  moved 
to  factories  especially  equipped  for  high 
volume  mass  production  and  as  a  last  conse¬ 
quence  into  countries  with  low  manpower  cost. 

The  same  I  think  may  happen  to  the  micro¬ 
processor  crystals. 

The  channel  crystal  business  for  FM-communi- 
cation  sets  was  quite  stable  in  the  past  years 
and  is  now  starting  become  affected  by  frequen¬ 
cy  synthesis  too.  Today  the  question  is  not 
from  how  many  channels  up  a  synthetizer  is  more 
economical  than  a  crystal  bank.  Many  modern 
concepts  in  Europe  are  favouring  even  the 
one  channel  set  to  be  equipped  with  a  standard 
crystal  and  a  synthetizer  because  of  flexibil¬ 
ity  in  frequency  setting  and  to  get  rid  of 
finite  delivery  time  of  the  channel  crystals. 

I  think  the  use  of  exchangeable  TCXOs  as  chan¬ 
nel  elements  will  also  be  only  an  intermediate 
solution.  High  quality  TCXOs,  low-power  ovenized 
reference  sources  -  both  in  conjunction  with 
frequency  synthesis  -  will  come  up  for  VHF-UHF- 
comnunication  sets  and  single-sideband  equip¬ 
ment. 


Remarkably  stable  and  still  increasing  in  the 
past  was  the  range  of  highly  professional  and 
military  crystals  with  closely  controlled  param¬ 
eters  regarding  TC-behavior,  motional  parameters, 
guaranteed  aging  performance,  and  specified 
shock  and  vibration  resistance.  Except  for  few 
low  frequency  crystals  the  area  of  the  HC-6/U 
crystal  holder  is  over  and  has  shifted  to  the 
HC-18/U.  Now  a  similar  shift  from  HC-18  to  the 
tiny  HC-45  will  occur  together  with  resistance¬ 
welding  becoming  the  standard  sealing  procedure. 


With  crystal  filters  we  have  a  similar  evolution: 
The  conventional  lattice  type  multipole-filter 
in  FM-communication  sets  was  replaced  completely 
by  miniature  monolithic  versions  mostly  built  up 
from  dual  resonators,  the  former  being  left  to 
highly  sophisticated  filters  with  special  trans¬ 
fer  functions  or  high  complexity.  Monolithics 
are  coming  up  for  single  sideband  applications 
more  and  more  and  future  concepts  are  pointing 
towards  higher  intermediate  frequencies  up  to 
100  MHz  where  intermodulation  performance  will 
be  Of  utmost  importance  and  group  delay  per¬ 
formance  for  all  filters  related  to  filters  in 
conjunction  with  data  transfer.  Of  course  sur¬ 
face  acoustic  wave  devices  will  extend  the  range 
of  broadband-filters  up  to  higher  frequencies. 

With  TCXOs  there  is  still  a  growing  market  with 
a  good  aspect  for  the  future.  Also  low-power 
ovenized  and  miniaturized  frequency  standards 
are  becoming  of  greater  interest  for  the  future 
-  all  together  in  conjunction  with  frequency 
synthesis. 

The  main  problem  of  todays  crystal  industry  is 
the  high  amount  of  labour  cost  especially  here 
in  the  United  States  and  in  Europe. 

When  regarding  the  professional  and  military  type 
crystals  and  associated  filters  and  oscillators 
forecasts  for  the  next  years  are  still  looking 
promising.  Further  impulses  might  come  from  the 
yet  not  fully  evaluated  introduction  of  piezo¬ 
electric  sensors  and  may  open  a  new  field  of 
application  for  the  products  of  the  quartz 
crystal  industry. 
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At  -s  t.  ract 

An  individual  atomic  ion  1  oca  1 1  zed  in  tin1 
<.'*  ntor  of  a  small  Haul  rf  quudruj  ole  t.raj  has  |*>- 
tvntial  as  an  ultimate  Laser  frequency  standard 
j  waus*  ,  broadly  speaking,  the  ion  may  bo  brought 
to  "A  Gtute  of  i'opii  l‘*to  Host  in  Free  Space"  by 
•si do  Land  cooling.  As  a  consequence ,  aLl  Doppler 
d.ifts  vanish.  "Froo  d|  ace"  is  approximated  inso¬ 
far  as  the  electric  trapping  field  vanishes  in  the 
outer  of  the  truj  and  there  is  no  Stark  effect. 

N<  ither  mod  there  be  a  Zeeman  Effect  as  magnetic 
fields  may  be  controlled  down  to  the  micro-Gauss 
r.in'it  .  Naturally,  there  is  no  transit  time  broad¬ 
ening.  Minute  laser  {towers  provided  by  harmonic 
generators  suffice  for  saturation  of  optical  tran¬ 
sitions  as  well  focused  beams  wav  be  used.  Mil¬ 
lionfold  atomic  amplification  oi  the  single-ion 
fluorescence  from  a  metastable  level  may  bring 
resolutions  of  l  part  in  10* 8  within  reach. 

Introduction 

Tne  1965  experiment1  of  Fort son,  Major  and 
Dehmelt  in  which  the  0-0  hyper fine  transition  in 
the  ground  state  of  die  near  8  GHz  was  observed 
with  a  linewidth  of  *c  10  Hz  or  a  resolution  of 
about  1  part  in  10q  marked  the  advent  of  high  re¬ 
solution  mi c rowave  spectroscopy  of  stored  ions 
proposed  earlier  by  the  author.'  Samples  of  'v.  107 
ions  were  used  in  these  experiments.  Already  then 
i  r,  our  1966  publication  we  pointed  out  the  poten¬ 
tial  usefulness  of  ion  storage  for  laser  spectro¬ 
scopy  and  laser  frequency  standards.  In  related74 
studies  in  L968  G.  Menas i an,  working  in  my  labora¬ 
tory,  succeeded  in  detecting  Hg  ions  stored  in 
the  1  meter  long  linear  trapping  region  of  a  rf 
"race  track"  device.1  In  197.1  Major,  now  with 
NASA,  reported  the  record  resolution  of  2  parts  in 
l'1'  m  an  optical  pumping  experiment4  on  the  hy- 
perfine  structure  transitions  near  4o  GHz  on  %  10 J 
stored  1  ^Hg  ions.  The  flumping  light  was  provided 
by  a  discharge  lamp.  Also  in  1973  I  pro¬ 

posed  laser  fluorescence  spectroscopy  on  a  highly 
forbidden  electronic  transition  of  an  electronical¬ 
ly  refrigerated,  individual  Tl  ion  stored  in  an 
rf  quadrupole  trap,  "The  Tl  Mono- Ion  Oscillator,"5 
with  a  projected  resolution  of  1  part  in  10* 4 .  In 
1 97  j  I  added  a  laser  double  resonance  scheme  for 
effectively  amplifying  about  mi 11 ion- fold  the  fluo¬ 
rescence  intensity  used  for  the  detection  of  the 
forbidden  transition  of  interest.  6  This  scheme 
also  made  the  study  of  the  similar  ions  In  ,  Ga  , 

A1  attractive.  I ncorporat ion  into  the  Tl  experi¬ 


ment  if  the  side  bund  cooling  mechanism, 7  searched 
for  by  Wineland  and  behmelt  in  1974  in  exioriments 
«*n  stored  electron  clouds  and  found  in  I97t>  by  Van 
Dyck,  Kkstrom  and  behmelt  in  their  geonium  experi¬ 
ment.,'"  was  proposed  by  Wineland  and  Dehmelt  in  1975. 
Also  in  1974  the  award  of  a  Huznfcjoldt  prize  enabled 
me  to  initiate  a  bu  mono-ion  oscillator*  experi¬ 
ment  at  the  Universitaot  Heidelberg  in  collabora¬ 
tion  with  P.  Toschek  and  his  group  to  pr« } are  On¬ 
ground  for  the  more  difficult  Tl  work.  At  the 
same  time,  I  proposed  a  Sr  mono- ion  oscillator  ex¬ 
periment10  together  with  H.  Walther,  then  at  the 
Uni versi tact  Koln. 

In  1978  the  Heidelberg  experiment11  led  to 
the  first  isolation  and  uniform  confinement,  ini¬ 
tially  to  *•  0  pm  and  eventually  to  <  2000  ft  via 
laser  side  band  cooling  to  <  6  K  and  eventually14 

to  'v  10  mK  as  well  as  continuous  visual  and  photo- 

+ 

electric  observation  of  an  individual  Ba  ion  in  a 
small  Paul  rf  quadrupole  trap.  Simultaneously 
Wineland  and  co-workers  demonstrated  laser  cooling 
to  <  40  K  of  about  ten  thousand  Mg  ions13  confined 
in  a  different  device,  namely  a  Penning  trap  incor¬ 
porating  a  ^  1  Tesla  magnetic  field.  Later  the  po¬ 
tentially  very  sharp  62S{/2  -  62Pj /?  -  52D^/;>  two- 
photon  transition  to  the  metastable  r>^ D3/2  level 
was  observed  by  us  with  a  (power-broadened)  line- 
width  of  'v  90  MHz.  Applying  their  technique  to  an 
optical  cooling  and  pumping  experiment15  on  3u0  MHz 
transitions  in  10-100  Mg  ions  Itano  and  Wineland 
improved  upon  Major's  resolution  record  about  5 
fold  and  also  eliminated  the  2.  order  Doppler  shift 
via  optical  cooling  to  <  1  Y  in  1980.  Recently 
Wineland  and  Itano  have  also  succeded  in  a  Mg  mono¬ 
ion  oscillator  experiment16  and  they  have  estab¬ 
lished  from  the  residual  Doppler  effect  of  the  elec¬ 
tronic  resonance  line  temperatures  in  the  cyclotron, 
axial  and  magnetron  motions  in  their  Penning  trap 
of  rj0  mK,  'v  2.6  K  and  about  minus  0.2  K  and  a  lo¬ 
calization  of  the  ion  to  5  15  pm. 

Concept  of  Mono-Ion  Oscillator  Experiment 

The  goal  of  our  current  preparatory  experiment 
is  the  observation  of  copious  laser  scattering  at  a 
very  narrow  electronic  transition  at  coq  on  an  indi¬ 
vidual  ion  stored  at  the  bottom  of  the  potential 
well  formed  by  a  small  Paul  rf  quadrupole  trap.  The 
ions  of + the  Group  1IIA  elements,  namely  Tl  ,  In  , 

Ga  ,  Al  ,  B  are  excellent  candidates  for  such  work. 
Their  metastable  lowest  3P0  levels  have  extraordi¬ 
nary  long  life  times;  e.g.,  the  corresponding  natur¬ 
al  line  width  of  the  3  3Pq  level  of  Al  is  estimated 
as  ^  10  pHz.  However  in  a  mono- ion  oscillator  such 
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tat  lore  at  tin  frequency  { 1  ♦-  v/c)  n*-ar  an 

atomic  resonance  at  .  Th*  nf  a  •am  in  its  rest 

tr.ime',  the  atom  rc-ciait:-;  :  hotoris  .it  .  '  in  all  di¬ 
re  -st  ions  in  accordance  with  its  character  i  st  ic  ra- 
diu’ion  pattern.  Now  t>.  in  'ib:>erve.r  m  th*-  lab-ora- 
i-  ry  lue-  to  the  !  *g  i  let  e-ff<  ct  the  se  re- emitted 
;  i.otons  will  exhibit  various  frequency  shifts  d*  - 
I  *-n<liri*i  on  tb.e  angle  bctwe.en  th-..  dire*  t  ions  of 
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re-emission  and  motion.  Nevertheless  the  average 
energy  of  the  re-emitted  photons  will  be  tlw'  = 
fiu)  ♦  fiui(v/c).  The  average  energy  excess  in  the 
energy  of  the  re-emitted  over  that  of  the  absorbed 
photons  has  to  come  from  the  kinetic  energy  in  the 
translat ional  motion  which  is  thereby  cooled.  This 
picture  is  easily  adapted  to  the  case  of  one-di¬ 
mensional  periodic  motion  at  frequency  wv  parallel 
to  the  light  beam.  Now  due  to  the  modulated  Dopp¬ 
ler  shift  the  atom  of  resonance  frequency  wg»  in 
its  rest  frame,  when  irradiated  by  a  laboratory 
light  source  at  the  sharp  frequency  u  sees  a  whole 
excitation  spectrum  at  =  w  ♦  nu>v,  n  =  0,1,2...  . 
For  a  shar  spectral  line  of  width  Aujq  •'<  wv  and 
-  c  ♦  muv  ~  u>Q ,  m  '  0,  the  effect  of  the  m-th 
side  band  predominates.  Again  the  average  energy 
of  the  photons  re-emitted  in  all  directions  is 
“ft.,  ♦  and  the  energy  excess  mfiu)v  has  to  be  pro¬ 

vided  by  the  osci 1 latory  motion.  For  the  oscilla¬ 
tion  amplitude  Zg  <<  Aq/2"  (in  the  Lamb-Dicke  re¬ 
gime)  the  spectrum  seen  by  the  atom  consists  only 
of  tht  carrier  a*  u,  of  power  E  plus  two  weak  sym¬ 
metric  side  bands  at  ui  *  of  power  E*  << 
E(zq/2^q)4  and  the  problem  remains  manageable  even 
when  the  requirement  Au,g  *' '<■  uiv  is  dropped,  see 
F  l  <i .  1. 

The  top  section  of  Fig.  3  shows  the  absorption 
profile  of  the  stored  ion  when  the  laser  frequency 
is  tuned  through  the  electronic  resonance  at  wq  . 
The  multijle  excitations  of  the  ion  in  its  rest 
frame  at  *  -  uv,  u.,  w  +  according  to  the  l*osi- 
tion  of  these  spectral  components  with  respect  to 
the  Lorentz  profile  centered  about  ug#  see  middle 
section  of  Fig.  3,  result  in  the  re-emission  of 
these  same  three  components.  When  viewed  from  the 
lab  frame  each  of  the  3  re-emitted  comi*onents  will 
develop  its  own  two  Doppler  side  bands,  see  bottom 
section  of  Fig.  3,  without  changing  the  average 
photon  energy.  Ccmparuig  top  and  bottom  parts  of 
Fig.  3  showing  absorption  and  re-emission  as  viewed 
from  the  lab  frame  illustrates  the  cooling  process: 
excitation  by  an  upper- lower  or  cooling/heating 
side  band  i  ho  ton  extracts/adds  the  energy  hu>v 
from/to  the  vibrational  motion.  For  the  case  de¬ 
picted  while  photons  of  energy  are  absorbed  by 
the  ion  those  re- emitted  have  a  larger  average 
energy  1Wu>  ♦  *v)  for  the  tuning  -  u»0  -  „v 
shown . 

This  semi c lass l cu 1  picture  indicates  strong 
cooling  and  an  exjonential  approach  in  time  of  ab¬ 
solute  zero  temperature.  quantum  effects  estab¬ 
lish  a  finite  minimum  temperature,  however.  Obvi¬ 
ously,  when  the  ion  is  in  the  lowest  vibrational 
state  v  =  0  it  cannot  be  cooled  any  further  and 
the  {-jower  in  the  cooling  side  band  must  vanish 
while  that  in  the  heating  side  band  remains  finite. 
This  asyuunet ry  in  side  band  strength  does  not  be¬ 
gin  with  v  =  0  but  is  always  present,  becoming 
more  and  more  pronounced  as  v  decreases.  A  similar 
asymmetry  is  present  in  the  re-emission  side  bands. 
The  attainable  minimum  vibrational  temperature  and 
the  corresponding  vibrational  quantum  number 
<v>min  are  determined  by  the  requirement  that  the 
heating  effect  of  the  stronger  but  more  off-reso¬ 
nant  spectral  components  at  u>  -  wv  and  is  bal¬ 
anced  by  the  cooling  effect  due  to  the  weaker  ,  mom 
resonant  side  band  uj  ♦  oiy.  Using  only  familiar 
elementary  quantum  mechanics  of  atomic  and  molec¬ 
ular  spectra  I  analysed  the  problem  in  1976  and 


Fig.  3.  Spectral  components  effective  in  side 
band  cooling  (schematic) . 

As  shown  in  middle  section ,  the  ion  vibration  at 
in  the  parabolic  trap  parallel  to  the  propaga¬ 
tion  direction  of  the  exciting  electromagnetic 
wave  at  w  sees  spectral  components  (of  power  E,E, 

E +)  at  u»  -  hiy,  u>,  uj  -f  <uv.  The  case  of  oscillation 
amplitude  <<  c/w  and  £+  <<  E,  the  Lamb-Dicke  re 
gime,  is  assumed  here.-  To  an  observer  m  the  Lab- 
frame  the  ion  appears  to  have  the  response  spec¬ 
trum  ( e.g for  absorption  power)  shown  in  top 
section.  In  the  ion  rest  frame  each  of  the  three 
ex<  iting  components  is  re-emitted  with  unshifted 
frequency  and  a  strength  determined  by  the  Lorentz- 
ian  response  profile.  When  seen  from  the  lab 
frame  (compare  bottom  section)  each  re-emi tted  com¬ 
ponent  develops  its  own  two  Doppler  side  bands. 
Comparing  top  and  bottom  sections  shows  clearly 
for  the  tuning  w  *  u>v  =  ujg  assumed  that,  while 
photons  of  energy  hw  are  absorbed  by  the  ion,  pho¬ 
tons  of  larger  average  energy  v  ♦  ^v)  are 

emitted  by  it.  The  balance  has  to  come  from 

the  osc i llatory  motion,  which  is  thereby  cooled. 
After  ref.  17,  from  ref.  12. 

applied  it  to  the  Tl*  mono-ion  oscillator  ol  tam¬ 
ing  a  minimum  temperature  1 7 ' 1 fl  of  %  0.  1  mX  for 
cooling  with  a  i  •  1909  ft  laser  beam.  In  this 
chapter  uiq  refers  to  the  allowed  transition  used 
for  cooling. 

The  discussion  is  easily  extended  to  the  real¬ 
istic  3-dimensional  case  of  an  individual  stored 
ion.  This  requires  irradiation  along7  • l *  •  *  k* 

where  i*,j*,k*  refer  to  the  principal  axes  of  the 
ellipsoidal  trapping  potential.  For  the  minimal 
vibrational  quantum  number  we  obtained 


which  applies  to  vibration  along  all  three  princi¬ 
pal  axes.  Here  gU),  ,  g_  denote  the  values  of  th« 
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parameters.  Thus  much  improvement  may  be  expected 
to  occur  in  the  future. 


Results  of  Preparatory 
Heidelberg  and  Seattle  Experiments 

The  most  imjjortunt  result  so  far  obtained  in 
our  mono-ion  oscillator  work14  is  the  3-dimensional 
localization  in  free  space  to  a  region  of  'v  2000  8 
diameter  of  an  individual  Ba  ion,  see  Fig.  4,  at 
Heidelberg.  The  photographic  image  of  the  ion  has  a 
diffraction  limited  diameter  of  2  um.  It  is  pos¬ 
sible  to  de-convolute  the  much  smaller  localization 
range  by  comparing  the  1-ion  image  with  a  3-ion 
image  which,  obtained  under  otherwise  identical 
conditions,  has  a  ^  20  times  larger  area  and  a  % 

30  times  lower  peak  brightness.  This  implies  z0  s 
Aq/2"  and  that  the  boundary  of  the  Lamb-Dicke  re¬ 
gime  of  the  dominant  carrier  has  been  reached.  The 
best  spectral  resolution  obtained  so  far  by  us22 
is  a  line-width  of  ^  90  MHz  for  the  62Si/7  - 
6‘F’l /2  -  two-photon  transition^  to  the  high¬ 

ly  metastable  VD3/2  state  of  Ba  +  which  has  a  life¬ 
time  of  17  sec,  see  Fig,  5.  This  two-photon  tran¬ 
sition  is  obviously  still  strongly  power-broadened. 
In  Seattle  in  work  recently  made  possible  by  sup¬ 
port  from  the  U.S.  Office  of  Naval  Research  reso¬ 
nance  fluorescence  from  300  Mg  ions  stored  in 
an  rf  trap  in  high  vacuum  has  been  seen.23  It  has 
not  been  possible  so  far  to  demonstrate  cooling 
with  the  weak  ■  1  ;.W  laser  power  currently  avail- 

alic.  This  is  to  be  expected  from  the  Heidelberg 
Ba  work1''1,  where  for  <  r.O  ions  even  with  laser 
powers  of  '■  I  mW  only  ion  temperatures  of  ^  100  K 
could  be  realized.  The  presumed  cause,  rf  heating 
via  ion- ion  collisions,  however,  is  expected  to 
disappear  for  a  single  ion  in  the  trap.  The  lat¬ 
ter  expectation  is  corroborated  by  the  observation 
•<f  tint's  as  long  as  -  30  sec  for  an  uncnol- 

■  1  1  **  Thus  it  still  may  be  possible  to  keel 

1  single  Mg  1  on  cold  and  confined  once  one  has 
man  a  d  the  not  .0  mean  feat  of  getting  it  into 
tr.«  bottom  .  d  t  parabolic  well  with  the  low  la- 
•  1  j'-wef  -  urrent  ly  available  to  ur»  from  our  som*  - 


■_>  «nclui.  1  on 

A f ♦ «  r  .1  fairly  difficult  .tart,  muno-i<n  os- 
1  1  PP  r  1  ect r* »'ico}  y  now  appear'  to  be  off  and 
lur.nif.  with  at  least  five  gtoups  all  over  the 
w-  rl  1  »■  tivi  ly  j ur t  u.  lput l nq  in  such  studies.  The 
■ler- a. at  rut  ion  *  f  electronic  linewidths  and  long- 
’■  rr  fr*  pjency  -.talilities  in  such  passive  device*' 
f  !  Hz  ind  1*  .  .  is  likely  to  i  t  as  a  strong  stim- 
,i  .  f<  r  the  future  di.-ve  ioj  merit  of  laser  sources 
jmtrovd  short -term  stability,  much  closer  to 
f  .*,<  *  indumenta  ]  1  jnit  near  '•  Hz  and  also  of 

*  •  t,:«  .  nf  liar  harmonic  generators.  Thus  t  he 

,t  rt  ii*  |  r-.riM  f  an  atomic  lm»-  sp»*ctral  resolu- 

*  1  t.  f  ii  •  ut  1  j  art  in  Jo'4  may  be  realized  i  rt 

*  1  t  ret  f»i<>  far  future.  The  benefit  t^  physics, 

jo*ry,  c.  .sinology  and  technology  resulting  from 
1  at.  advarr  «  in  the  accuracy  of  measurement,  of 
ar,  ..bservable  as  fundamental  as  time  need  not  be 
»«  f  «J  I  1  ed  her  t  •  . 


Fig .  5.  Resonance  fluorescence  near  493  nm  from 
an  individual  barium  ion  vs.  scanned  frequency  wa 
of  65 0  nm  laser.  The  493  nm  laser  frequency  <*i  was 
adjusted  to  uSp  -  1 0  =  2*  •  280  MHz  to  effect  side 
band  cooling.  The  frequency  coordinate  calibra¬ 
tion  is  given  for  wa  -  i±)prf/2n .  The  sharp  two-pho¬ 
ton  transition  "  52D^y;>  to  the 

metastable  5 level  occur ing  for  u>  -  wa  - 
uiSp  -  uj prf  is  visible  at  -  <d ^  =  -2 tt  •  280  MHz. 
Here  ‘^.sp'^pdf  are  the  respect :  ve  single  photon 
resonance  frequencies .  After  ref.  22. 
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In  this  paper,  we  discuss  the  performance 
potential  and  the  problems  of  implementing  a 
microwave  frequency  (and  time)  standard  |nd  an 
optical  frequency  standard  utilizing  201Hg  ions 
stored  in  a  Penning  trap.  Many  of  the  discussions 
apply  to  ion  storage-based  frequency  standards  in 
general  Laser  cooling,  optical  pumping,  and 
optical  detection  of  the  microwave  or  optical 
clock  transition  could  be  achieved  using  narrowband 
radiation  at  the  194.2  nm  6p  2P,  ♦  6s  2S,  tran¬ 
sition,  while  selectively  mixing  the  grouna-state 
hyperfine  levels  with  appropriate  microwave  radia¬ 
tion.  A  first-order  field- independent  microwave 
clock  transition,  which  is  particularly  well- 
suited  to  the  use  of  the  Penning  ion  trap  is  the 
25.9  GHz  (F  ,Mp)  =  (2,1)  «-*  (1,1)  hyperfine  transi¬ 
tion  at  a  magnetic  field  of  0.534  T.  The  two- 
photon  Doppler-free  5d9  6s2  2DS  ,2  ♦-*  5d'°  6s  2S, 
transition  at  563  nm  is  a  possible  candidate  for 
an  optical  frequency  standard.  Both  standards 
have  the  potential  of  achieving  absolute  accura¬ 
cies  of  better  than  one  part  in  1015  and  frequency 
stabilities  of  less  than  lO-16. 

Introduction 


In  this  paper,  a  specific  proposal  is  made 
for  a  20,Hg+  stored  ion  microwave  frequency  (and 
time)  standard  which  could  have  an  absolute  frac¬ 
tional  uncertainty  of  less  than  10-1S.  We  also 
discuss  the  possibilities  for  a  201Hg+  optical 
frequency  standard.  A  future  stored  ion  frequency 
standard  may  not  take  the  exact  form  described 
here;  nevertheless,  it  is  useful  to  investigate  a 

specific  proposal,  since  many  of  the  same  generic 
problems  will  be  encountered  in  any  standard  based 
on  stored  ions. 

Since  the  pioneering  work  of  Dehmelt  and 
co-workers,  who  first  developed  the  stored  ion 
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method  for  high- resolution  spectroscopy,  it  has 

been  clear  that  these  techniques  provide  the  basis 

2-10 

for  an  excellent  time  and  frequency  standard. 

This  conjecture  is  based  primarily  on  the  ability 
to  confine  the  ions  for  long  periods  of  time 
without  the  usual  perturbations  associated  with 
confinement  (e.g.,  "wall  shift"  as  in  the  hydrogen 
maser).  Starting  with  the  work  of  Major  and 
Werth'*  reported  in  1973,  groups  at  Mainz1  and 
Orsay10  and  at  least  one  commercial  company11 
have  sought  to  develop  a  frequency  standard  based 
on  199Hg+  ions  stored  in  an  rf  trap.  The  choice 
of  Hg  ions  for  a  microwave  stored  ion  frequency 
standard  is  a  natural  one  because  its  ground-state 
hyperfine  structure  is  the  largest  of  any  ion 
which  might  easily  be  used  in  a  frequency  standard, 
and  its  relatively  large  mass  gives  a  small  second- 
order  Doppler  shift  at  a  given  temperature.  This 
work  has  been  developed  to  a  fairly  high  level; 
the  group  at  Orsay111  has  made  a  working  standard 
whose  stability  compares  favorably  to  that  of  a 
commercial  cesium  beam  freguency  standard.  How¬ 
ever,  the  full  potential  of  the  stored  ion  tech¬ 
niques  has  yet  to  be  realized;  this  appears  to  be 
due  to  two  problems:  (1)  Historically,  it  has 
been  difficult  to  cool  the  ions  below  the  ambient 
temperature;  this  is  made  more  difficult  in  the  rf 
trap  by  "rf  heating"1  — a  process  not  clearly 
understood,  but  one  that  makes  it  difficult  to 
cool  even  to  the  ambient  temperature.  For 
both  the  rf  and  Penning  traps,  the  inability  to 
cool  below  the  ambient  temperature  means  that  one 
must  contend  with  the  frequency  shift  from  the 
second-order  Doppler  or  time-dilation  effect. 
Although  it  is  possible  to  calculate  this  shift 
from  the  measured  Doppler  (sideband)  spectra,  to 
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do  so  with  the  required  accuracy  may  be  difficult 
for  ions  near  room  temperature.  (2)  A  second 
problem  is  that  the  number  of  ions  that  can  be 
stored  in  a  restricted  volume  (dimensions  <  1  cm) 
is  typically  rather  small  (<  106).  This,  coupled 
with  the  somewhat  poor  signal-to-noise  ratios 
realized  with  conventional  lamp  sources,  causes 
the  short-term  stability  in  a  frequency  standard 
based  on  ions  to  be  degraded,  even  though  the  Q's 
realized  are  quite  high. 

In  the  past  two  or  three  years,  both  of  these 
problems  have  been  addressed  in  experiments  and 
the  results  suggest  viable  solutions.  In  1978, 

groups  at  the  National  Bureau  of  Standards  (NBS) 

13  14 

and  Heidelberg  demonstrated  ’  that  radiation 
pressure  from  lasers  could  be  used  to  cool  ions  to 
temperatures  <  1  K,  thereby  reducing  the  second- 
order  Doppler  shifts  by  2-3  orders  of  magnitude 
below  the  room  temperature  case.  As  discussed 
below,  the  cooling  is  most  favorable  for  very 
small  numbers  of  ions  (down  to  one  ion),  so  that 
there  is  a  trade-off  between  the  maximum  number  of 
ions  we  can  use  and  the  minimum  second-order 
Doppler  shift  that  can  be  achieved. 

To  improve  signal  to  noise,  we  note  that  in 
certain  optical-pumping,  double-resonance  experi¬ 
ments,  it  is  possible  to  scatter  many  optical 

photons  from  each  ion  for  each  microwave  photon 
g 

absorbed.  This  can  allow  one  to  make  up  for 
losses  in  detection  efficiency  due  to  small  solid 
angle,  small  quantum  efficiency  in  the  photon 
detector,  etc.,  so  that  the  transition  probability 
for  each  ion  can  be  measured  with  unity  detection 
efficiency.  This  means  that  the  signal-to-noise 
ratio  need  be  limited  only  by  the  statistical 

fluctuations  in  the  number  of  ions  that  have  made 
15 

the  transition.  This  is  discussed  in  a  simple 
example  in  Appendix  A. 

More  recently,  the  narrow  linewidths  antici¬ 
pated  for  the  stored  ion  technique  have  been 
observed  A  resonance  linewidth  of  about  0.012  Hz 
at  292  MHz  has  been  observed  for  the  (iHj ,  nij)  = 
("Vj,  Vj)  •  *  ('Vj,  '/2)  hyperfine  transition  of 
“Mg*  at  a  magnetic  field  of  about  1.24  T  where 
the  first  derivative  of  the  transition  frequency 
with  respect  to  magnetic  field  is  zero.*6  (The 


Ramsey  interference  method  was  implemented  by 
applying  two  rf  pulses  of  1  s  duration  separated 
by  41  s).  These  narrow  linewidths  should  be 
preserved  with  hyperfine  transitions  of  higher 
frequency,  such  as  in  201Hg+,  but,  of  course,  more 
attention  must  be  paid  to  field  homogeneity  and 
stability. 

These  results  have  encouraged  us  to  begin 
studies  on  the  201Hg*  system  and  although  this  ion 
may  not  provide  the  "final  answer,11  it  appears  to 
provide  a  case  where  inaccuracies  significantly 
smaller  than  10-13  can  be  achieved.  The  discus¬ 
sion  here  is  largely  devoted  to  a  microwave  fre¬ 
quency  standard  with  a  design  goal  of  accuracy 
better  than  10- 1 5 ;  however,  the  possibilities  for 

a  stored  ion  optical  frequency  standard  in  201Hg* 

17  32 

are  also  briefly  included.  ’  For  a  given 
interaction  time,  the  Q  of  a  transition  will  scale 
with  the  frequency.  Therefore,  in  principle,  an 
optical  frequency  standard  would  have  clear  advan¬ 
tages  over  a  microwave  frequency  standard.  Our 
decision  to  work  on  a  microwave  frequency  standard 
(as  well  as  an  optical  standard)  is  motivated 
largely  by  practical  considerations:  (1)  Before 
the  full  potential  of  an  ion-storage  optical 
frequency  standard  could  be  realized,  tunable 
lasers  with  suitable  spectral  purity  must  become 

available.  This  problem  may  be  nearing  solu- 
20 

tion.  (2)  If  an  optical  frequency  standard  is 
to  provide  time,  the  phase  of  the  radiation  must 

be  measured.  This  appears  to  present  a  much  more 
18  19 

formidable  problem.  ’  Both  of  these  problems 
are  already  solved  in  the  microwave  region  of  the 
spectrum — thus,  the  attraction  for  investigating 
a  microwave  frequency  standard. 

Stored  Ion  Microwave  Frequency  Standard 

201Hg*  ions  will  be  stored  in  a  Penning  trap. 
The  choice  of  the  Penning  trap  over  the  rf  trap  is 
motivated  primarily  because  it  appears  easier  to 
cool  a  cloud  of  ions  in  a  Penning  trap  than  in  an 
rf  trap.  Residual  heating  mechanisms  in  the 
Penning  trap  are  quite  small*'*  whereas  in  the  rf 

trap  (where  "rf  heating"  occurred),  they  can  be 
14 

substantial.  Of  course,  this  problem  does  not 
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exist  for  the  rf  trap  if  single  ions  are  used,  but 
for  a  microwave  frequency  standard,  it  is  desirable 
to  use  as  many  ions  as  possible  in  order  to  in¬ 
crease  signal-to-noise  ratio.  Use  of  a  Penning 
trap  means  that  one  must  use  transitions  that  are 

independent  of  magnetic  field  to  first  or- 
8  9  16 

der  ’  ’  ;  this  limits  the  number  of  transitions 

available,  but  need  not  be  an  absolute  restriction. 
The  199Hg+  isotope  is  therefore  not  considered, 
since  there  are  no  frequency  extrema  at  practical 
fields. 

21  ♦ 
The  energy  level  structure  of  the  201Hg 

ion  vs.  magnetic  field  is  shown  in  Fig.  1.  The 


Figure  1.  Ground  state  hyperfine  energy  levels  of 

20lHg+  vs.  magnetic  field.  States  are 
designated  by  the  (F,  Mp )  representation. 
Three  transitions  are  indicated  at  the 
fields  where  the  transition  frequencies 
are  independent  of  magnetic  field  to 
first  order 

possible  field  independent  "clock  transitions"  are 
the  (F,  mF)  =  (2,0)  ♦*  (1,1)  and  (2,1)  *-*  (1,0) 
transitions  at  about  0.29  T,  the  (2,1)  *->  (1,1) 
transition  at  0.534  T,  the  (1,1)  ••  (1,0)  transi¬ 


tion  at  3.91  T  and  the  (1,0)  «-*  (1,-1)  transition 
at  28.1  T.  In  principle,  one  desires  to  work  at 
the  highest  microwave  frequency  possible  (for 
highest  Q)  at  the  highest  attainable  magnetic 
field  (to  maximize  the  number  of  ions).  The 
choice  seems  to  be  between  the  25.9  GHz  (2,1)  «-* 
(1,1)  transition  at  0.534  T  and  the  7.72  GHz 
(1,1)  «-»  (1,0)  transition  at  3.91  T.  At  these 
magnetic  fields,  where  the  transition  frequency  is 
independent  of  magnetic  field  to  first  order,  the 
second-order  field  dependence  is  given  by  Av/\>0 
((2,1)  <-*  (1,1))  =  '/6  (AH/HQ)2  and  Au/vq 
((1,1)  «-*■  1,0))  s  .  04(AH/Hq)2 .  The  remaining  part 
of  the  proposal  is  modeled  around  the  (2,1)  ->  (1,1) 
transition  at  0.534  T  because  of  its  higher  fre¬ 
quency.  From  the  second-order  field  dependence 
noted  above,  it  is  necessary  to  control  the  field 
stability  and  homogeneity  over  the  ion  cloud  to 
better  than  10-7  in  order  to  achieve  10-15  accur¬ 
acy.  This  is  an  important  problem,  of  course,  but 
not  insurmountable — we  note  that  the  free-running 
stability  of  the  magnetic  field  must  be  better 
than  10-7  over  the  clock  transition  time;  in 
longer  term  it  can  be  stabilized  to  this  level  by 
locking  the  field  to  a  Zeeman  transition  in  the 
ions.16 

We  will  assume  that  a  laser  can  be  tuned  to 
the  6p  2P^  «-  6s  2S^  transition  at  194.2  nm  with 
sufficient  power  to  provide  laser  cooling,  optical 
pumping,  and  fluorescence  detection.  A  specific 
scheme  for  observing  the  clock  transition  might  be 
the  following:  (we  will  assume  that  when  the  ions 
are  cold,  the  widths  of  the  Doppler-broadened 
optical  lines  are  approximately  equal  to  the 
natural  width  (~  70  MHz)). 

(1)  We  tune  the  laser  about  35  MHz  below  the 
6p  2P^  (1,-1)  «-  6s  2S^  (2,-2)  optical  transition. 

This  laser  tuning  gives  the  maximum  cooling  pos- 
22 

sible,  but  rapidly  pumps  the  ions  out  of  the 
(2,-2)  ground  state.  (For  example,  the  (1,-1) 
excited  state  decays  to  the  (1,-1)  ground  state 
with  a  probability  equal  to  0.329.)  For  cooling 
and  detection,  we  require  each  ion  to  scatter  many 

it  ig  23 

photons  Unfortunately,  the  simple  schemes  '  ’ 

for  multiple  scattering  that  have  been  realized 
with  ions  like  25Mg+  do  not  exist  for  Hg+.  There- 
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fore,  for  the  initial  cooling,  we  must  mix  all  the 
ground  states  with  microwave  radiation.  This 
effectively  reduces  the  cooling  by  a  factor  of  8 
from  the  two-level  ion  case,  since  only  ‘/8  of  the 
ions  are  in  the  (2,-2)  ground  state,  but  should 
not  be  a  problem  given  enough  laser  power  (see 
below) . 

(2)  Once  cooling  is  accomplished,  we  can 
pump  all  the  ions  into  one  of  the  clock  levels  by, 
for  example,  mixing  all  the  ground-state  levels 
except  the  (1,1)  level.  This  pumping  occurs 
because  we  are  exciting  the  ions  in  the  wings  of 
other  optical  transitions;  for  example,  we  are 
pumping  in  the  wings  of  the  (1,0)  *  (2,-1)  optical 
transition  (about  3.5  GHz  away)  and  the  (1,0) 
excited  state  decays  into  the  (1,1)  ground  state 
with  a  probability  of  0.039.  (Note  that  the 
(1,-1)  excited  state  cannot  decay  to  the  (1,1) 
ground  state.)  We  remark  that  we  have  neglected 
the  decay  of  the  ions  from  the  2P^  excited  state 
to  either  the  2D3^2  or  2DS/,2  states.  That  this  is 
a  good  approximation  is  shown  in  Appendix  B.  The 
ratio  of  the  scattering  rate  on  the  (1,-1)  ♦  (2,-2) 
optical  transition  to  the  pumping  rate  into  the 
(1,1)  ground-state  level  is  about  6  x  104 ,  i.e., 
about  6  x  104  photons  are  scattered  by  each  ion 
before  it  is  pumped  into  the  (1,1)  ground- state 
clock  level.  This  number  can  be  reduced  by  tuning 
the  laser  to  another  optical  transition;  this  may 
be  necessary  if  the  laser  power  is  too  small.  As 
discussed  below,  it  is  desirable  for  detection 
purposes  for  this  number  to  be  large. 

(3)  After  the  pumping  is  achieved,  the  laser 
and  ground-state  mixing  rf  are  turned  off  (to 
avoid  ac  Stark  shifts  and  relaxation)  and  the 
clock  transition  is  driven.  If  we  use  the  Ramsey 
interference  method  as  was  done  for  2SMg*,^®  the 
resulting  linewidth  is  about  one-half  as  wide  as 
if  we  use  continuous  excitation  (the  Rabi  method). 
Therefore,  the  Ramsey  method  will  be  assumed. 

(4)  After  the  rf  cycle  is  complete,  the 
laser  is  turned  back  on  as  well  as  the  mixing  rf 
(excluding  the  (1,1)  ground-state  level)  and  the 
fluorescence  scattering  is  observed.  It  should 
not  be  too  difficult  to  detect  the  scattered 
photons  with  about  10-3  overall  efficiency. 


This  would  mean  that  about  60  photons  would  be 
collected  for  each  ion  that  had  made  the  transition 
(before  it  is  repumped  to  the  (1,1)  level)  insuring 
that  the  noise  would  only  be  due  to  the  statistical 
fluctuations  in  the  number  of  ions  that  had  made 
the  transition  (see  Appendix  A). 

In  order  to  lock  a  local  oscillator  to  the 
center  of  the  clock  transition,  one  would  first 
complete  one  of  the  above  cycles  with  the  local 
oscillator  tuned  to  the  half-intensity  point 
(where  the  transition  probability  for  each  ion  is 
one  half)  on,  say,  the  low  side  of  the  central 
Ramsey  peak.  These  photon  counts  could  then  be 
stored  and  the  cycle  repeated  with  the  local 
oscillator  tuned  to  the  high-frequency  side  of  the 
line.  These  resulting  counts  could  then  be  sub¬ 
tracted  from  the  first  to  give  an  error  signal 
which  can  be  used  to  force  the  mean  frequency  of 
the  local  oscillator  to  be  at  the  center  of  the 
clock  transition.  We  will  assume  that  the  time 
for  fluorescence  observation  and  repumping  is  much 
less  than  the  clock  transition  time. 

Systematic  Frequency  Shifts 

We  have  already  mentioned  the  stringent 
requirements  on  magnetic  field  stability  and 
homogeneity.  Using  a  superconducting  magnet,  it 
is  possible  to  stabilize  the  magnetic  field  to 
better  than  10-7.  (This  may  require  locking  the 
field  to  an  NMR  probe  adjacent  to  the  trap  over 
the  time  of  the  clock  transition).  The  field 
homogeneity  requirements  will  be  more  difficult  to 
satisfy  (assuming  a  1  cm  diameter  spherical  working 
volume  inside  the  trap),  but  are  still  feasible. 

The  electric  fields  from  the  applied  trap 
potentials  and  from  Coulomb  interactions  between 
ions  can  cause  second-order  Stark  shifts,  but  the 
resulting  fractional  frequency  shifts  are  esti¬ 
mated  to  be  much  less  than  10-15.  The  black  body 
38 

ac  Zeeman  shift  is  estimated  to  be  <Wv  ~ 

o 

1.3  x  10- ‘ 7  (T/300)2  and  is  therefore  neglected. 

39 

The  black  body  ac  Stark  shift  is  estimated  to  be 
Av/«o  ;  I  *  10- 16  (T/300)4  and  therefore  must  be 
accounted  for  or  reduced  environmental  tempera¬ 
tures  are  required. 


i 
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In  spite  of  the  laser  cooling  that  has  been 
achieved,  we  must  still  be  concerned  with  the 
second-order  Doppler  frequency  shift.  In  the 
Penning  trap,  the  cyclotron-axial  temperature  of 
-’01Hq+  ions  needs  to  be  cooled  to  below  1.45  K  to 
insure  that  the  second-order  Doppler  shifts  (on 
these  degrees  of  freedom)  is  less  than  10-'F\ 
These  low  temperatures  should  be  easy  to  obtain. 
A  more  serious  problem  exists  for  the  magnetron 
■■otation  of  the  cloud;  the  Kinetic  energy  in  this 

degree  of  freedom  will  probably  limit  how  small 

24 

the  second-order  Doppler  shift  can  be.  In  the 

limit  of  very  small  numbers  of  ions,  the  magnetron 
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Kinetic  energy  should  be  negligible,  but  in 
the  ca'e  discussed  here,  we  would  like  to  ust  the 
maximum  number  of  ions  possible  and  this  will 
cause  problems  as  described  below. 

The  "magnetron"  rotation  in  a  Penning  trap  is 
simply  a  form  of  circular  ^  x  S  drift;  that  is, 
the  radial  electric  fields  in  the  trap  from  the 
applied  potentials  on  the  electrodes  and  from 
space  charge  act  in  a  direction  perpendicular  to 
the  magnetic  field.  This  causes  the  ions  to  drift 
in  circular  "magnetron"  orbits  about  the  axis  of 
the  trap.  If  we  assume  that  we  must  keep  the  ions 
inside  a  1  cm  diameter  spherical  working  volume, 
then  qualitatively,  the  nature  of  the  problem  is 
as  follows:  if  we  add  more  ions  to  this  volume, 
then  the  magnetron  frequency  increases  due  to  two 
effects.  First,  we  must  increase  the  applied  trap 
potentials  to  overcome  the  increased  space  charge 
repulsion  along  the  z  axis,  which  tends  to  elongate 
the  cloud  in  this  direction.  Consequently,  the 
magnetron  frequency  increases  due  to  the  increased 
potentials  and  the  increased  space  charge  fields 
in  the  radial  direction.  In  Appendix  C,  we  esti¬ 
mate  the  maximum  number  of  ions  contained  in  a 
1  cm  diameter  sphere  assuming  that  the  second- 
order  Doppler  shift  is  10-IS  for  ions  on  the 

perimeter  of  the  cloud  at  z  -  0.  We  obtain  N  = 

max 

8.2  x  10*  and  note  that  the  applied  trap  voltage 

is  only  71  mV  for  z  =  r/1.64  =  0.8cm.'’ 
oo 

Frequency  Stability 

At  optimum  power  (transition  probability  is 
equal  to  one  at  line  center),  we  can  closely 


approximate  the  number  of  detected  photon  counts 
for  each  experimental  cycle  as 


(1  +  cos(w-w  )  T  \ 

- — 2  ~  j  <« 

where,  as  in  Appendix  A,  N.  is  the  number  of  ions 
in  the  trap  and  n^  is  the  averaqe  number  of  de¬ 
tected  photons  for  each  ion  that  has  made  the 
transition,  w  and  wQ  are  the  frequency  of  the 
applied  rf  and  "clock"  center  frequency;  T  is  the 
time  between  the  rf  pulses  at  the  beginning  and 
end  of  the  rf  period.  (We  assume  that  the  time  of 
the  rf  pulses  is  much  less  than  T  )  As  described 
above,  the  interrogating  oscillator  is  switched 
between  w  -  n/2 T  and  w  +  n/2T  (where  we  assume 
iui  -  u)Q  <x  n/2T),  and  the  resulting  counts  sub¬ 
tracted  to  give  an  error  signal  The  sensitivity 
to  mistuning  of  w  is  given  by  calculating  the 
slope  of  the  signal  in  Eq.  4  at  the  half-intensity 
points  ( i u i  -u>0j  =  n/2T)  We  have 


dN; 
1  dw ! 


N .  n 
i  d 


T 


After  one  fu1  switching  cycle  (taking  the 
difference  of  the  counts  from  both  sides  of  the 
line),  the  error  signal  is 


x  6w 

|  w-wQ|  =  rt/2T 

where  <5w  w-w  .  Since  N  fluctuates  statistically, 
o 

these  fluctuations  (6N)  give  rise  to  frequency 
fluctuations  in  the  locked  local  oscillator: 


6N=2 


(6w)2 


6N2 

4  4N 
dw 


|w-w  !  -  n/2T 
oi 


Maximum  frequency  stability  is  thus  given  by 


.„,T>  -  1  rms 
°y(ZT)  "  2  ~w~^  ' 


Assuming  nrf  >>  2  (Appendix  A),  we  have 
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For  ».  =  8.2  «  104  and  T  =  50  s, 

oy(t)  =  2  x  10-15  i'*5  !  •  ino  s 

and 

w  T 

Q  =  —  ~  2.6  x  10'2 

Lasers 

Perhaps  the  single  reason  that  such  a  proposal 
has  not  been  made  previously  is  that  the  required 
narrowband  tunable  laser  has  not  been  available  at 
194.2  nm.  However,  it  appears  that  two  possible 
approaches  lend  themselves  to  initial  experiments 
in  this  system.  Briefly,  the  first  approach  might 
be  to  use  an  externally  narrowband  filtered 
('  100  MHz)  pulsed  ArF  excimer  laser.  We  estimate 
that  it  should  be  possible  to  achieve  saturating 
intensity  from  such  a  filtered  laser.  However, 
the  pulse  lengths  of  these  lasers  are  quite  short 
(s  10  ns),  so  that  only  about  two  photons  per  ion 
will  be  effective  in  each  laser  shot  to  drive  the 
optical  transition.  (The  lifetime  of  the  upper 
2P^  (1,-1)  state  is  about  2.3  ns  and  decays  with 
0.46  probability  to  the  (2,-2)  ground  state.)  The 
potential  advantage  of  excimer  laser  systems  is 
that  the  repetition  rates  can  be  quite  high  (KrF 
lasers  have  been  built  with  1  kHz  repetition 
rates).  However,  at  the  present  time,  it  is 
probably  only  feasible  to  realize  150  Hz  repetition 
rates  for  ArF  lasers.  This  should  allow  reasonable 
signal  to  noise  in  the  above  scheme  when  the  ions 
are  cold;  however,  we  estimate  cooling  times  of 
order  20  minutes,  which  is  uncomfortably  long. 

A  second  scheme  using  frequency  mixing  of  cw 
lasers  in  nonlinear  crystals  is  presently  being 
pursued  at  MBS.  Tunable  coherent  radiation  in  the 
194  nm  region  has  previously  been  produced  by 
phase-matched  sum  frequency  mixing  of  pulsed 
lasers  in  a  potassium  pentaborate  (KBS)  crys¬ 
tal.  ^  The  second  harmonic  of  the  514  nm  Ar+ 
single  frequency  cw  laser  line,  when  mixed  with 
radiation  near  790  nm  from  a  cw  dye  laser,  will 
generate  single  frequency  cw  radiation  at  194  nm. 


The  estimated  efficiency  of  this  process  for  a 
3  cm  crystal  is  given  by 

P,  ~  8  x  10-6  P,  P2, 

where  P3  is  the  output  power  at  194  nm,  P,  is  the 

input  power  at  257  nm  from  the  doubled  Ar+  laser, 
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and  P2  is  the  input  power  at  790  nm,  ’  All 
powers  are  expressed  in  watts.  The  second  harmonic 
of  514  nm  radiation  can  be  generated  in  90°  phase 
matched  temperature  tuned  KDP  or  ADP  crystals  with 
an  efficiency  (for  a  5  cm  crystal)  given  by 

P,  f  2.5  x  10-3  P  2, 

1  o 

where  P,  is  the  output  power  at  257  nm  and  Pq  is 
the  input  power  at  514  nm.  Thus,  about  10  mW  can 
be  produced  with  a  2  W  input.  The  output  power 
can  be  increased  considerably  by  using  a  cavity  to 
build  up  the  circulating  power.  As  much  as  300  mW 

of  cw  power  at  257  nm  has  been  produced  in  this 
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way.  Assuming  that  200  mW  at  257  nm  and 
500  mW  at  790  nm  are  available,  about  8  pW  at 
194  nm  could  be  produced.  From  the  experience 
with  Mg+  ions , 16  this  should  be  adequate 
power  for  initial  experiments.  The  output  could 
be  further  increased  by  building  a  cavity  around 
the  KB5  crystal  to  increase  the  circulating  power 
at  790  nm,  257  nm,  or  both.  Finally,  the  output 
power  at  the  ions  could  be  increased  by  building  a 
ring  cavity  around  the  trap.  The  frequency  of  the 
Ar+  laser  can  be  stabilized  to  an  I2  absorption. 
The  dye  laser  can  be  stabilized  and  tuned  using 
standard  techniques.  Thp  temperature  of  the  KB5 
may  have  to  be  shifted  slightly  from  room  tempera¬ 
ture  in  order  to  satisfy  the  phase-matching  condi¬ 
tions.  We  estimate  from  the  observed  temperature 
tuning  at  201.6  nm^  that  the  required  shift  is 
less  than  25  °C. 

Two- Photon  Opt ical  Frequency  Standa id  in  20 1 Hq* 

We  will  briefly  describe  the  properties  of  a 
20 'Hg*  optica1  frequency  standard  that  has  been 
suggested  previously  ^  ( 1  should,  of 

course,  also  be  considered  because  of  its  simpler 
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structure.)  Using  two-photon  Ooppler-free  spec- 
troscopy,  it  should  be  possible  to  excite  201Hg 
ions  from  a  ground-state  sublevel  to  a  particular 
•’D,,/2  sublevel  using  a  dye  laser  tuned  to  approxi¬ 
mately  563.2  nm.  An  excited  state  and  magnetic 
field  could  be  chosen  so  that  thi  transition 
frequency  could  be  independent  of  magnetic  field 
to  first  order.  For  the  case  of  this  optical 
transition,  the  second-order  dependence  of  frac¬ 
tional  frequency  offset  due  to  magnetic  field 
would  be  reduced  by  approximately  the  ratio  of  the 
optical  frequency  (5.33  x  1014  Hz)  to  the  ground- 
state  hype>-tine  frequency.  This  represents  a 
reduction  in  sensitivity  of  about  four  orders  of 
magnitude  which  would  greatly  relax  the  constraints 
on  magnetic  field.  The  ground  and  excited  states 
could  be  chosen  such  that  the  ground-state  level 
would  be  depopulated  by  the  two-photon  transition; 
therefore,  detection  could  be  accomplished  in 
essentially  the  same  manner  as  described  for  the 
microwave  case  above.  The  lifetime  of  the  excited 
states35  is  about  0.11  s,  so  that  the  Q  of  this 
transition  is  about  7.4  x  1014! 

A  drawback  to  this  scheme  is  the  accompanying 
33 

ac  Stark  shift  ;  this  shift  is  formally  equiva¬ 
lent  to  the  "light  shift"  in  rubidium  frequency 
standards.  We  have  roughly  estimated  the  transi¬ 
tion  probability  per  unit  time  to  be  W  ~  0.3  I2/6\> 
where  fiv  is  the  larger  of  the  (doubled)  laser 
linewidth  or  the  natural  linewidth  (1.4  Hz)  and  I 
is  the  laser  intensity  in  each  direction  in  W/cm2. 
We  have  also  estimated  the  accompanying  light 
shift  to  be  do  ~  -I  (Hz).  If  the  (doubled)  laser 
linewidth  is  less  than  the  natural  width  and  if  we 
drive  the  transition  near  saturating  intensity 
(W  ~  1/s),  then  I  ~  2.2  W/cm2,  which  implies  a 

fractional  frequency  shift  of  2  x  10-15. 
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The  black  body  ac  Stark  shift  is  estimated 
,  an 

to  be  Au/oq  ~  10- 1B  (T/300)4  The  frequency  shift 

due  to  the  interaction  of  the  quadrupole  moment  of 

the  atomic  0  levels  with  the  applied  quadrupole 

field  and  fields  due  to  ion-ion  collision  is 

estimated  to  be  less  than  10- 1 e  for  the  conditions 

described  here. 

In  initial  experiments,  it  will  very  likely 
not  be  possible  to  obtain  (doubled)  laser  line- 


widths  less  than  1.4  Hz;  however,  laser  linewidths 
of  a  few  tens  of  hertz  should  be  achievable. 
Therefore,  the  above  projections  may  not  be  too 
optimistic. 

Assuming  the  same  conditions  as  for  the 
microwave  case,  predicted  stabilities  are  also 
quite  dramatic  (assuming  laser  linewidths  are 
sufficiently  narrow).  If  we  assume  that  the 
(Rabi)  interaction  time  is  1  s  and  that  the  detec¬ 
tion  and  repumping  time  is  much  less  than  1  s, 
this  would  imply  (for  N.  =  8.2  x  104 ) 

o  (i)  ?  2  x  10-u  i  15  t>2s 

y 

For  Nj  =  1,  tJy(T)  ~  6  x  10-16  t  **. 

Conclusions 

Some  of  the  problems  associated  with  a  stored- 
ion  frequency  standard  have  been  addressed  by 
making  a  specific  proposal  around  the  201Hg+  ion. 
Although  other  interesting  car, L  dates  exist,  this 
system  appears  feasible  enough  that  experimental 
work  has  begun  at  NBS.  Current  efforts  are  aimed 
at  producing  the  194.2  nm  laser  light,  producinq 
narrowband  563.2  nm  laser  light  for  the  two-photon 
transition,  studying  the  ion  cloud  dynamics  in 
order  to  produce  the  rather  diffuse,  spatially 
stable  ion  clouds  and  making  ion  traps  with  signi¬ 
ficantly  increased  collection  efficiency. 
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APPENDIX  A 

Statistical  Fluctuations  in  Detected  Photon  Counts 

For  simplicity,  we  will  assume  the  conditions 
shown  in  Fig.  2.  The  actual  conditions  discussed 
in  this  paper  and  in  Refs.  15  and  16  are  somewhat 
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Figure  2.  "Model"  3  level  system  to  show  the  ef¬ 
fects  of  statistical  fluctuations  in 
an  optical  pumping,  double  resonance 
experiment 

more  complicated,  but  the  basic  result  still 
applies.  We  assume  that  a  laser  is  tuned  to  the 
3  •  1  transition  wavelength  and  that  we  can  neglect 
excitation  in  the  wing-  of  the  3  *•  2  transition  by 
this  laser  We  also  assume  that  the  decay  branch¬ 
ing  ratios  R32  and  R3l  are  such  that  R3,  >>  R32. 

The  basic  scheme  for  an  optical -pumping 
double-resonance  experiment  in  this  simple  example 
is  the  following:  (1)  If  the  number  of  scattering 
events  (foi  each  ion)  is  sufficiently  large,  then 
essentially  all  the  ions  are  pumped  into  the  2 
level.  (2)  The  laser  is  now  turned  off  and  the 
"clock"  (1  *  2)  transition  is  driven.  (3)  The 
ions  that  have  made  the  transition  are  then  de¬ 
tected  by  turning  the  laser  back  on  and  observing 
the  fluorescence  scattering  by  collecting  the 
1 ight  in  a  phototube. 

For  each  ion  that  has  made  the  clock  transi¬ 
tion,  let  the  average  number  of  detected  photons 

be  n  .;  the  rms  fluctuation  in  the  number  of  de- 
d 

tected  photons  per  ion  is  -Jn Because  of  inef¬ 
ficiencies  in  collection  and  detection,  typically 
nrf  <<:  R3i/R3  2-  but  the  interesting  case  will  be 
when  n^  is  still  significantly  greater  than  one. 
We  will  assume  that  ‘  ->  clock  transition  is  driven 
with  optimum  power,  so  that  when  we  are  tuned  to 


the  ha  If- intensity  point  on  the  line  (for  maximum 
frequency  sensitivity),  the  probability,  p,  that 
each  ion  has  made  a  transition  is  0.5.  In  this 
case,  if  the  total  number  of  ions  is  N.  ,  then  the 
average  number  that  have  made  the  transition  is 
pN^  =  N^/2  and  the  rms  fluctuations  in  the  number 
of  ions  that  have  made  the  transition  on  each 
experimental  cycle  is 

an  .  =  jar  Pli-Pl  =  #7/2. 

For  one  photon  counting  cycle,  the  average 
number  of  photons  detected  is  N^  =  n^  N./2.  The 
fluctuations  in  the  number  of  detected  photons 
(ANjq^)  is  due  to  two  causes:  (1)  The  fluctuations 
in  the  number  of  photons  counted  (AnjQj)^  due  to 
fluctuations  in  the  counted  photons  for  each  ion. 
Since  these  are  statistically  independent: 

fNi72 

^AnT0T^d  =  V  2  (Anq)2  =  ^/2 

(2)  The  fluctuation  in  the  number  of  photons 
counted  (AnTQT).  due  to  the  fluctuations  in  the 
number  of  ions  that  have  made  the  transition: 

(ArWi  =  ANi  nd  =  "d  ^i/2 

Since  these  two  processes  are  also  statisti¬ 
cally  independent,  the  total  fluctuations  in  N.^^ 
are  given  by: 


AN. 


TOT 


I^^Wd  +  (AnT0T>i 


nd  ^i 
2 


2_ 

"d 


Therefore  when  nd  »  2,  the  fluctuations  in  the 
photon  counts  are  given  by  the  statistical  fluc¬ 
tuations  in  the  number  of  ions  that  have  made  the 
transition.  We  must  note,  of  course,  that  the 
above  arguments  assume  that  the  laser  intensity 
and  cloud  of  ions  is  stable,  and  therefore,  fluc¬ 
tuations  in  signal  due  to  changes  in  laser-cloud 
spatial  overlap  are  negligible. 


609 


Appendix  B 

2pSj  *  2°3/2  5/2  Decay  Rates 

Decay  from  the  5d10  6p  2Pj  levels  to  the 
5d9  6s2  2Dj  levels  is  allowed  through  configuration 
interaction,  which  can  mix  some  5d'°  6d  amplitude 
into  the  0  states  and  some  5d9  6s  6p  amplitude 
into  the  P  states.3'’  Crandell,  et  al.3^  have 
determined  that  the  decay  rate  from  the  2P3^2 
state  to  the  2S^  ground  state  is  350  ±  30%  times 
greater  than  the  decay  rate  to  the  205^2  state. 
If  LS  coupling  is  valid,  the  2P^  state  decays  to 
the  2D,^2  with  probability  3  x  10-7.  This  decay 
is  highly  suppressed  because  the  energy  difference 
is  only  933  cm-1,  which  corresponds  to  a  wavelength 
of  11  pm.  (The  decay  rate  is  proportional  to  the 
cube  of  the  energy  difference.)  Oecay  of  the  2P^ 
state  to  the  20s,2  state  is  forbidden  by  the 

electric  dipole  selection  rules,  since  it  requires 
J  to  change  by  2.  Hyperfine  and  Zeeman  interac¬ 
tions  mix  different  J  states,  making  this  decay 
slightly  allowed.  However,  we  estimate  this 
probability  to  be  less  than  10- 1 1  at  a  magnetic 
field  of  0  5  T.  The  2D3/2  state  decays  to  the 

20r,  ,2  state  at  a  rate  of  about  54  s- 1  and  to  the 

2S,  state  at  a  rate  of  about  42  s-1.  The  2D5^2 
state  decays  to  the  2S^  at  a  rate  of  about 

9.5  s-‘.3b  If  the  1  aser- induced  2Slj  to  2P^ 
transition  is  denoted  by  y^,  the  ions  reach  the 

2D3^2  state  at  a  rate  of  3  x  10-7  •  y^  from  which 

they  decay,  with  probability  about  0.56,  to  the 
2DSy2  state,  where  they  stay  for  an  average  of 
about  0.11  s  before  decaying  back  to  the  2S, 

state.  If  yp  is  less  than  6  x  10s  s-1,  the  ions 

spend  less  than  10%  of  their  time  in  the  meta¬ 
stable  D  states,  so  that  this  trapping  does  not 
cause  a  problem  for  the  cooling.  Transitions  to 
the  0  states  occur  at  a  rate  which  is  much  less 
than  the  optical  pumping  rates  between  ground-state 
sublevels,  so  their  neglect  in  the  previous 
discussion  on  optical  pumping  is  justified. 


Appendix  C 

Maximum  Number  of  Stored  Ions 


Since  the  cyclotron  and  axial  kinetic  energies 

are  assumed  cold,  we  will  assume  a  uniform  charge 
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distribution  for  the  ions.  For  a  spherical  ion 
cloud,  the  magnetron  rotation  frequency  of  the 
cloud  (ui  )  is  given  from  the  equations  of  motion 

as : 


where  ui^.  is  the  unperturbed  ion  cyclotron  frequency 
uic  =  eB/Mc,  is  the  axial  oscillation  frequency 
derived  from  the  applied  trap  voltage  (Vq)  as:1 

w2  =  4e  V  /M(r2  +  2z2) 

2  O  C  O 

and  p  is  the  space  charge  density.  We  have  for 
the  space  charge  potential  from  the  ions  (inside 
the  cloud) 

4^  =  |  np  (r2  +  22) 

and  the  trap  potential  may  be  expressed  as 

Vq  (r2  -  2z2 ) 

*T  =  r  *  +  Zz  * 
o  o 


When  the  axial-cyclotron  motion 
have  $j(z)  =  dT(z)  =  0;  this  implies 


4n 


is  cold,  we 


(C.  2) 


If  we  assume  we  want  the  maximum  second-order 
Doppler  shift  jless  than  c,  then  we  require 
ui  =  c  JZc/r  „  where  r  „  is  the  radius  of  the 
cloud.  If  we  want  to  maximize  the  number  of  ions 
N  =  4np(rc£)3  A3e),  then  we  want  to  maximize  this 
expression  subject  to  the  above  contraints  on  wm. 
Substituting  Eqs.  (C.l)  and  (C.2)  into  this  expres¬ 
sion  for  N  we  have: 


N  =  2  rc*^  (“c  rc£  -  c  &)  (C  4) 
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(Values  of  rc?  where  this  expression  is  negative 
are  unphysical  because  we  assume  that  c.  is  a  fixed 
value  on  the  perimeter  of  the  cloud  (at  z  =  0)  no 
matter  what  its  size  is.  For  very  small  clouds, 
this  requires  VQ  large  enough  that  the  ions  are 
unbounded — the  case  for  N  s  0. ) 

From  (C.2)  and  the  expression  for  form7, 


VQ  =  n( r7  +  2 z7)  p/3  (C.5) 


For  the  conditions  assumed  in  the  text,  r  ^  = 

0.5  cm,  =  40.5  kHz,  and  c  =  10-15  we  have  N  ? 

8.2  x  104.  Assuming  z  =  r  /1.64  =  0.8  cm,  then 
3  o  o 

V  =  0.071  V. 
o 
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Single-mode,  near-infrared  diode  lasers  may 
improve  the  performance  of  atomic  frequency  Stan- 
dards.  In  the  case  of  rubidium  standards,  the 
short-term  stability  may  be  improved  by  using 
laser  diodes  for  optical  pumping  in  place  of 
conventional  rf-excited  lamps.  In  cesium  beam 
standards,  the  lasers  may  replace  both  sets  of 
state  selection  magnets,  resulting  in  greater 
signal-to-noise,  more  reliable  beam  detection, 
easily  reversed  beam  direction  for  cavity  phase 
shift  measurement,  reduced  Majorana  transitions, 
and  a  smaller,  more  easily  regulated  C-field.  The 
degree  to  which  these  improvements  are  realized 
depends  upon  the  characteristics  of  available 
lasers.  In  this  paper,  we  report  measurements  of 
laser  intensity  and  frequency  noise  and  their 
effects  on  clock  performance.  The  light  shift  in 
a  laser-pumped  Rb  clock  is  given,  as  well  as  the 
stability  curve  for  that  clock.  Preliminary  work 
on  optical  pumping  in  a  cesium  beam  is  also 
reported. 

Key  Words.  Laser  Diode,  Atomic  Frequency  Standard, 
Optical  Pumping,  Light  Shift,  Laser  Stabi 1 izatlon. 

Introduction 

The  development  of  inexpensive,  reliable, 
single-mode  laser  diodes  within  the  communications 
industry  has  made  the  use  of  lasers  In  atomic 
frequency  standards  much  more  attractive.  In 
particular,  the  use  of  these  devices  in  vapor 
cells,  atomic  beams,  and  laboratory  primary  fre¬ 
quency  standards  is  possible.  The  use  of  optical 

pumping  by  lamps  and  lasers  in  other  types  of 

1  2 

standards,  such  as  ion  storage  traps  '  will  not 
be  discussed  in  this  article. 

Table  1  gives  typical  stability  and  accuracy 
performance  of  existing  commercial  and  laboratory 
atomic  frequency  standards.  There  are  a  number  of 
ways  in  which  laser  diodes  may  help  improve  these 
specifications.  In  the  case  of  Rb  standards,  the 
greater  efficiency  in  optical  pumping  afforded  by 

‘Contribution  of  the  National  Bureau  of  Standards, 
not  subject  to  copyright. 


80303 

laser  diodes  over  conventional  lamps  should  improve 
signal-to-noise,  resulting  in  better  short-term 
stability.  While  long-term  stability  would  still 
be  limited  by  buffer  gas  or  wall  shifts,  light 
shifts  might  be  reduced  by  switching  the  laser 
diode  and  interrogating  the  microwave  resonance 
while  the  light  source  is  off.7  In  addition, 
since  pumping  by  laser  diodes  is  not  dependent 
upon  coincidence  of  hyperfine  lines  in  different 
isotopes  as  conventional  rubidium  lamps  are, 
cesium  may  be  used  in  the  vapor  cell  instead  of 
rubidium.  Cesium  offers  advantages  of  greater 
microwave  resonance  frequency,  slower  atoms 
(because  of  greater  atomic  mass)  and  natural 
isotopic  purity. 

Anticipated  benefits  to  commercial  cesium 
standards  also  include  increased  stability.  Since 
atoms  are  converted  to  the  desired  hyperfine  state 
instead  of  rejected  by  a  state-selection  magnet, 
more  atoms  contribute  to  the  signal  for  a  given 
beam  intensity.  Laser  diodes  can  also  be  used  for 
fluorescence  detection  of  atoms,  eliminating  the 
second  state-selection  magnet,  and  relaxing  re¬ 
quirements  on  alignment.  Such  a  detection  method 
should  have  good  long-term  stability,  sensing 
nearly  all  atoms  in  the  beam  regardless  of  velocity 
and  position.  Using  laser  diodes  for  both  state 
preparation  and  state  detection  results  in  a 
highly  symmetric  device  in  which  the  atomic  beam 
direction  can  be  rapidly  reversed,  or  even  main- 

Q 

tained  continuously  in  both  directions.  This 
would  permit  correction  for  cavity  phase  shifts, 
which  may  limit  long-term  stability  of  commercial 
standards.  Simplification  of  beam  tube  design 
could  result  in  some  weight  savings  as  well. 

The  accuracy  of  laboratory  primary  frequency 
standards  may  be  increased  through  the  use  of 
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laser  diodes  Elimination  of  state-selection 
magnets  permits  the  extension  of  the  C-field 
region  to  include  both  the  optical  pumping  and  the 
optical  detection  regions  of  a  standard,  which 
should  prevent  Majorana  transitions  among  magnetic 
sublevels  These  transitions  may  produce  frequency 
offsets  of  unknown  magnitude  in  present  cesium 

Q 

primary  standard  designs  A  more  symmetric  beam 
reversal  is  possible  with  optical  pumping  methods, 
since  all  atoms  may  be  included  regardless  of 
velocity  and  position  within  the  beam  This 
should  permit  a  better  cancel  lai^on  of  cavity 
phase  shifts.  Angle  tuning  of  the  laser  may 
result  in  velocity  selection  of  atoms  in  the 
cesium  beam,  favoring  slower  velocity  atoms,  which 
would  give  a  narrower  microwave  resonance  Fi¬ 
nally,  two  lasers  can  be  used  to  pump  all  of  the 
cesium  atoms  into  a  single  magnetic  sublevel,*1 
giving  better  control  of  Majorana  transitions, 
freedom  from  frequency  pulling  by  adjacent  Zeeman 
levels,  still  greater  numbers  of  usable  atoms  for 
a  given  beam  intensity,  and  permitting  operation 
at  a  lower  C-field  and  a  lower  magnetic  shielding 
coefficient  than  would  otherwise  be  possible. 

Laser  diodes  also  introduce  new  difficulties 
into  any  atomic  standard.  They  must  be  cooled  to 
a  highly  regulated  temperature,  and  the  electronics 
uired  to  perform  this  function,  as  well  as 
provide  a  regulated  injection  current  to  the 
laser,  is  appreciable.  The  long-term  reliability 
and  useful  lifetime  of  laser  diodes  is  unknown. 
While  manufacturers'  projections  of  life  range  as 
great  as  100  years,  this  does  not  include  an 
estimate  of  wavelength  stability.  Single-mode,  cw 
lasers  are  available  today  for  as  little  as  $100 
each,  but  this  price  does  not  guarantee  the  exact 
wavelength  required  for  optical  pumping  of  a  given 
atom.  Finally,  use  of  such  a  narrow  spectrum 
source  complicates  the  problem  of  light  shifts  in 
both  vapor  cells  and  atomic  beams,  and  may  intro¬ 
duce  short-term  noise  through  frequency  and  ampli¬ 
tude  noise  of  the  laser. 

General  Characteristics  of  Laser  Diodes 

A  recent  review  of  single-mode  GaAlAs  laser 
12 

diodes  is  given  by  Botez.  A  more  extensive 


treatment  is  found  in  the  books  by  Kressel  and 

1",  14 

Butler  and  by  Thompson  We  have  made  measure¬ 
ments  with  transverse  junction  stripe  (TJS) 
15 

lasers,  channeled-substrate-planar  (CSP) 

lasers  and  other  stripe  geometry,  duuble- 
heterostructure  lasers.  The  most  promising  results 
have  been  obtained  with  the  first  two  types  and 
consequently  the  discussion  here  will  concentrate 
on  them. 

The  very  small  active  region  in  these  devices 
(0.4pm  x  2pm  for  the  TJS  laser,  and  2pm  x  10pm  for 
the  CSP  laser)  results  in  a  diffraction-limited 
beam  which  must  be  collimated  tor  most  applica¬ 
tions.  We  found  that  large  numerical  aperture 
microscope  objectives  gave  the  best  collimation, 
although  a  number  of  measurements  were  made  using 
single  aspheric  lenses.  In  either  case,  reflected 
light  is  a  problem,  as  it  can  seriously  affect  the 
mode  structure  of  the  laser. 

Both  types  operate  in  nearly  single  trans¬ 
verse  and  longitudinal  modes,  although  the  CSP 
type  tends  to  stay  longer  in  a  given  longitudinal 
mode  as  the  injection  current  and  temperature  of 
the  diode  are  changed.  Longitudinal  mode  spacing 
is  about  0.35  nm  in  both  devices.  Laser  linewidth 
is  about  150  MHz  for  the  TJS  laser  (about  3  mW 
typical  output),  and  less  than  30  MHz  for  the  CSP 
laser  (about  10  mW  typical  output)  as  measured 
both  with  the  Fabry-Perot  spectrum  analyzer,  and 
with  atomic  resonance  fluorescence  curves.  A 
detailed  study  of  line  broadening  in  CSP  lasers 
has  been  made  by  Fleming,1^  who  concluded  that  the 

spectral  width  was  not  in  agreement  with  the 

18 

Schawlow-Townes  expression  based  on  quantum 
phase  fluctuations. 

Varying  the  amount  of  aluminum  and  dopants  in 
the  semiconductor  alloy  produces  laser  diodes  of 
different  wavelengths,  ranging  from  about  780  nm 
to  905  nm  in  commercially  available  devices. 
Coarse  tuning  of  the  wavelength  is  achieved  by 
changing  the  temperature  (about  0.2  nm/°C)  and 
fine  tuning  is  accomplished  through  adjustment  of 
the  injection  current  (about  0.02  nm/mA). 

Circuits  have  been  designed  and  constructed 
at  NBS  to  control  the  laser  injection  current  to 
one  part  in  10®,  and  the  laser  temperature  to 
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about  1  millidegree  centigrade  for  times  in  excess 
of  one  day.  Further  laser  frequency  stability  has 
been  obtained  by  locking  the  laser  to  an  atomic 
absorption  line  for  periods  of  days.  This  method 
has  given  long-t^rm  frequency  stability  of  better 
than  100  kHz. 

Although  a  given  laser  diode  may  operate  near 
a  desired  wavelength  at  a  reasonable  value  of 
current  and  temperature,  it  may  not  be  possible  to 
tune  to  an  exact  wavelength.  As  current  and 
temperature  are  changed,  the  laser  may  hop  to  an 
adjacent  cavity  mode,  leaving  sizable  gaps  in  the 
tunable  spectrum.  About  half  of  the  ten  TJS 
diodes  without  package  windows  which  we  tested 
could  be  tuned  to  the  Rb  02  resonance  at  780  nm. 
Only  one  of  the  ten  TJS  lasers  with  windows,  which 
we  studied,  could  be  tuned  exactly  to  that  wave¬ 
length.  It  may  be  that  the  windows  reflected 
enough  light  back  to  the  laser  to  interfere  with 
tuning.  When  a  particular  laser  is  tuned  to  the 
Rb  resonance,  the  laser  may  change  to  a  new  cavity 
riiode  later  for  reasons  which  are  not  well  under¬ 
stood.  Even  though  manufacturers  project  life¬ 
times  for  laser  diodes  in  excess  of  100  years, 
this  mode-hopping  problem  may  limit  their  useful¬ 
ness  in  atomic  freguency  standards.  Measurements 
are  in  progress  at  the  National  Bureau  of  Standards 
( NBS )  to  determine  how  long  these  lasers  can  be 
locked  to  an  atomic  absorption  line. 

With  typical  operating  currents  of  about 
40  mA  and  100  mA  repectively,  the  TJS  and  CSP 
lasers  themselves  consume  about  80  mW  and  200  mW 
each.  However,  a  system  which  includes  temperature 
regulation,  as  well  as  current  control,  could 
require  as  much  as  5  watts. 

Stability  of  a  Laser  Pumped  Rb  Clock 

The  short-term  stability  of  a  conventional  Rb 
clock  is  usually  limited  by  the  shot  noise  asso¬ 
ciated  with  the  light  detected  by  the  photocell 

19 

after  the  Rb  vapor  cell.  A  typical  value  of 
signal  to  background  of  as  little  as  0.  IX  means 
that  large  improvements  in  short-term  stability 
might  be  obtained  by  increasing  the  fraction  of 
detected  light  which  contributes  to  useful  signal. 
As  long  as  other  noise  sources  do  not  become 


relatively  large,  the  stability  of  the  clock 
should  improve  as  the  square  root  of  signal/ 
background. 

We  have  taken  a  commercial  Rb  clock  and 
replaced  the  rf-excited  rubidium  lamp  with  a  laser 
diode.  Various  sources  of  noise  have  been  exam¬ 
ined,  and  the  short-term  stability  measured.  Our 
most  interesting  results  were  obtained  with  a 
CSP-type  laser  operating  at  the  D2  transition 
(780  nm).  Since  the  commercial  Rb  vapor  cell 
contains  both  88Rb  and  87Rb,  the  best  measurements 
were  obtained  for  the  F=1  transition  in  87Rb, 
which  is  well  isolated  from  the  85Rb  lines.  The 
output  from  the  laser  diode  was  roughly  collimated 
to  a  1  cm  diameter  beam,  where  the  power  density 
increased  by  about  a  factor  of  two  from  the  perim¬ 
eter  to  the  center  of  the  beam.  The  average  laser 
power  was  varied  from  about  0.1  mW/cm2  to 
1.0  mW/cm2  by  inserting  neutral  density  filters. 
The  frequency  of  the  laser  was  controlled  both  by 
temperature  and  injection  current  regulation,  and 
by  locking  the  laser  to  the  center  of  the  Rb  ab¬ 
sorption  line. 

Figure  1  shows  the  microwave  resonance  ob¬ 
tained  by  sweeping  the  commcercial  clock's  crystal 
oscillator  over  a  small  range,  while  pumping  the 
cell  with  about  0.23  mW/cm2  of  02  light.  While 
the  sweep  is  somewhat  nonlinear,  it  is  clear  that 
the  linewidth  of  the  resonance  is  approximately 
1300  Hz,  which  gives  a  Q  of  only  5  x  106.  It  is 
believed  that  this  large  linewidth  is  due  to 
broadening  associated  with  the  rather  high  laser 
power  density.  Figure  2  shows  the  dependence  of 
microwave  resonance  linewidth  on  laser  power 
density.  The  increase  in  linewidth  due  to  an 
input  laser  light  of  1  mW/cm2  is  about  1400  Hz.  A 
rough  estimate  of  the  effective  laser  power  in  the 
Rb  cell  may  be  made  from  that  linewidth.  The 
change  in  microwave  linewidth  is  given  by 

6(AV  =  ^Y*  5  (1) 

where  's  laser  pumping  rate  on  resonance, 
and  AVj/AVpk  is  the  ratio  of  the  laser  linewidth 
to  the  rubidium  optical  resonance  linewidth  in  the 
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cell.  The  ratio  of  the  laser  pumping  rate  to  the 
spontaneous  emission  rate  yn  is  just 


Y«  _  B*‘  u(E)  _ 
y  n"  T7Tn  -  8n  h 


u(E)  =  2.9  x  1019  u(E) 


(2) 


where  B2i  is  the  Einstein  B  coefficient,  i  is  the 
natural  decay  time  of  the  excited  state  (~  30 
ns),  u(E)  is  the  laser  energy  density  per  unit 
bandwidth,  in  joule-s/cm3,  and  \  is  the  wave¬ 
length  of  the  optical  transition.  Combining  this 
expression  with  the  previous  equation  ,  and  as¬ 
suming  a  laser  linewidth  of  -  30  MHz  and  a  Rb 
optical  linewidth  of  1  GHz,  gives  a  laser  power 
density  of 


p  =  uCEJ-c-iUj  (3) 

=  2n  c{(AV  AuRb  =  0.27  mW/cm2  .  (4) 

yn  (2.9  x  10,s) 

Note  that  the  final  expression  is  independent  of 
the  actual  laser  linewidth,  as  long  as  Yn/2n  « 
Aue  «  PuRb. 

It  is  reasonable  that  the  effective  laser 
power  in  pumping  the  Rb  should  be  less  than  the 
input  laser  power  because  of  absorption  and  varia¬ 
tion  in  microwave  power  through  the  cavity.  The 
above  result  is  therefore  taken  as  support  of  this 
mechanism  of  line  broadening. 

The  peak  change  in  detected  current  across 
the  microwave  resonance  was  about  10-6  A.  The 
average  detected  current  was  10-5  A.  This  gives  a 
maximum  signal-to-noise  in  a  one  hertz  bandwidth 
of 


S 

N 


ilfl 


/2e  I 


bkg 


=  5.6  x  10s  =  115  dB  . 


(5) 


Taking  into  account  the  relatively  small  microwave 
modulation  amplitude,  the  expected  signal  to  shot 
noise  was  greater  than  100  dB  in  a  one  hertz 
bandwidth.  This  should  result  in  an  Allan  vari¬ 
ance  stability  of 

o(t)  ~  — 7T-\  t'1’  =  4  x  10-»3  t'1*  .  (6) 

Q  ( VN/ 


Figure  3  gives  the  actual  performance  of  the 
clock  from  10-2  to  10  seconds,  using  a  laser  diode 
locked  to  the  center  of  the  87Rb,  F=1  transition, 
as  seen  in  the  mixed  isotope  cell  of  the  clock. 
At  times  much  greater  than  10  seconds,  the  clock 
frequency  stability  leveled  out  at  the  10-12 
level.  The  stability  at  one  second  is  about 
1.5  x  10-" —  comparable  to  the  clock  performance 
with  the  original  Rb  lamp  installed,  but  consider¬ 
ably  worse  than  the  performance  limited  by  shot 
noise  should  be. 

The  probable  cause  of  the  limit  in  short-term 
stability,  and  the  10-12  floor  on  stability  at 

longer  times,  is  frequency  noise  on  the  laser, 

20 

mediated  through  the  light  shift.  The  light 
shift  in  this  particular  device  was  measured  by 
tuning  the  laser  diode  in  steps  of  100  MHz  across 
the  F=1  resonance,  while  recording  the  clock's 
output  frequency.  The  light  shift  for  an  input 
laser  power  of  0.23  mW/cm2  is  given  in  figure  4. 
This  cuive  gives  a  peak-to-peak  shift  on  the 

dispersion  curve  of  about  550  Hz,  in  rough  agree- 

21 

ment  with  the  predictions  of  Mathur,  if  one  uses 
the  reduction  factor  for  light  intensity  obtained 
from  the  microwave  resonance  broadening  calcula¬ 
tions  above.  An  accurate  measurement  of  the  light 
shift  in  rubidium  would  require  thorough  knowledge 
of  the  laser  beam  profile  within  the  vapor  cell  as 
well  as  information  about  the  microwave  modes  in 
the  cavity,  neither  of  which  was  available.  It  is 
probably  more  accurate  to  use  the  light  shift 
measurements  as  an  indication  of  the  effective 
laser  power  than  to  estimate  the  light  shift  from 
measured  laser  power. 

Bearing  the  above  caveats,  figure  5  gives  the 
light  shift  dependence  upon  input  light  intensity 
in  this  particular  clock  measured  at  the  laser 
frequency  of  maximum  light  shift.  The  curve  is 
linear,  with  slope  ~  1.2  kHz/mW/cm2.  A  similar 
curve  was  obtained  for  the  F=2  transition,  but 
with  a  slope  minus  one-half  that  of  the  F=1  curve. 
The  magnitudes  of  the  two  slopes  should  be  equal, 
but  differ  because  of  the  presence  of  85Rb,  which 
reduces  the  laser  light  intensity  at  the  F=2 
transition. 

Similar  light  shift  measurements  have  been 
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performed  in  cesium  by  Arditi  and  Picqu£,  also 
using  a  laser  diode,  with  results  of  the  same 
magnitude. 

The  clock  stability  in  figure  3  was  obtained 
with  a  laser  input  power  of  0.23  mW/cmJ .  At  this 
light  level,  the  change  in  microwave  frequency 
with  laser  frequency  at  the  optical  resonance  peak 
is  about  -0.67  Hz/MHz,  or  a  fractional  frequency 
change  of  10-'°/MHz.  The  long-term  stability  of 
the  clock  could  thus  be  accounted  for  by  a  10  kHz 
floor  on  the  lock  of  the  laser  frequency  to  line 
center.  (Which  means  the  laser  frequency  is 
locked  to  a  part  in  10s  of  the  resonance  linewidth. 
A  better  lock  might  be  obtained  by  using  either 
saturated  absorption  or  atomic  beam  techniques). 

Figure  6  gives  the  frequency  noise  spectrum 
of  the  CSP  laser  diode.  The  TJS  lasers  tested 
gave  a  factor  of  three  larqer  frequency  noise, 
with  a  similar  spectral  dependence.  These  figures 
should  be  treated  as  an  upper  limit  to  the  noise 
in  these  lasers.  Since  the  cavity  modes  of  the 
devices  are  very  sensitive  to  reflected  light,  it 

is  possible  that  a  different  testing  procedure  may 
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give  better  results.  However,  Dandridge,  has 
obtained  results  with  an  interferometric  testing 
method  which  agree  within  a  factor  of  two  with 
these  measurements. 

Our  frequency  noise  curves  were  obtained  by 
tuning  the  laser  diode  to  the  side  of  a  Rb  absorp¬ 
tion  line,  and  interpreting  the  intensity  noise  on 
the  transmitted  light  in  terms  of  frequency  noise. 
The  intensity  noise  observed,  both  away  from  the 
absorption  line  and  on  the  peak  of  the  resonance, 
was  much  smaller  than  that  seen  on  the  side  of  the 
line.  The  frequency  noise  at  127  Hz  of  -  100  kHz/ 
JWz  would  limit  the  clock's  frequency  stability  at 
one  second  to  about  2  *  10-11,  in  agreement  with 
figure  3.  The  attack  time  on  the  servo  loop  which 
locked  the  laser  diode  to  line  center  was  not  fast 
enough  to  significantly  improve  the  stability  of 
the  laser  at  one  second.  In  order  to  remove 
frequency  noise  as  a  limiting  factor  in  short-term 
stability,  a  tighter  laser  lock  is  required. 
Also,  if  a  lower  temperature  vapor  cell  is  used, 
the  laser  intensity  can  be  reduced  with  a  propor¬ 
tional  reduction  in  sensitivity  to  light  shifts. 


without  los  of  signal. 

No  attempt  is  planned  at  this  time  to  reduce 
the  effect  of  laser  frequency  noise  in  this  partic¬ 
ular  system  because  the  crystal  oscillator  itself 
reaches  a  minimum  stability  of  ~  10-11  at  0.3 
second.  Consequently,  very  little  improvement 
could  be  expected  over  the  results  of  figure  3 
without  other  modifications  of  the  clock. 

Another  source  of  noise  in  the  laser-pumped 
Rb  clock  is  intensity  noise  in  the  laser  light. 
Figure  7  gives  the  CSP  laser  diode  intensity  noise 
spectrum;  this  spectrum  was  limited  by  the  noise 
in  the  detection  electronics  and  must  be  considered 

an  upper  limit  only.  Other  measurements  in  CSP 
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lasers  have  been  made  by  Dandridge  who  obtained 
fractional  intensity  noise  as  small  as  -145  dB//Hz 
at  100  Hz. 

Using  our  limit  of  -120  dB/^Hz  at  127  Hz,  and 
a  signal-to-background  ratio  of  2%,  the  limit  to 
stability  due  to  laser  intensity  noise  in  this 
system  would  be  about  a(t)  ~  2  x  10-,2//t.  Using 
Dandridge’ s  results,  with  a  signal-to-background 
of  10%,  and  a  microwave  Q  of  107  gives  o(t)  ~ 

1  x  10-14/Vt.  In  this  case,  other  sources  of 
noise  will  limit  the  clock  stability. 

These  results  suggest  that  using  a  laser 
diode  pump  source  with  proper  adjustment  of  Rb 
clock  parameters,  it  may  be  possible  to  obtain 
stabilities  of  a  few  parts  in  1013  at  one  second. 
A  clock  with  such  excellent  short-term  stability 
might  find  application  as  a  local  oscillator  for  a 
stored  ion  standard.1  The  clock's  long-term 
stability  would  still  be  limited  by  the  problems 
which  plague  conventional  Rb  clocks1 — light  shift 
changes  due  to  light  source  intensity  changes 
(which  could  be  minimized  either  by  adequate  laser 
locking  or  by  chopping  the  light1),  buffer  gas  or 
wall  shifts,  and  changes  in  the  microwave  spectrum. 
However,  since  laser  pumping  can  be  used  in  a 
system  with  higher  Q  than  that  of  conventional 
standards,  some  relief  from  even  these  problems  is 
expected. 

Laser  Pumped  Atomic  Beam  Frequency  Standards 

Laser  diodes  may  be  useful  as  both  a  pumping 
source  and  a  state  detector  in  atomic  beam  f re- 
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quency  standards.  Arditi  and  Picqu^  have  demon¬ 
strated  the  use  of  a  laser  diode  for  these  two 
purposes  in  a  Ramsey-structure  cesium  beam  clock. 
The  work  at  NBS  has  proceeded  along  somewhat 
different  lines,  leading  toward  implementation  of 
two  or  more  lasers  in  a  single  clock,  as  is  de¬ 
scribed  below.  While  the  preliminary  Cs  work  at 
NBS  has  been  done  with  dye  lasers,  the  above 
results  for  laser  diodes  may  be  used  in  order  to 
estimate  noise  in  planned  atomic  beam  devices. 

Figure  8  is  a  sketch  of  a  beam  apparatus 
which  has  been  used  to  measure  optical  pumping, 
detection,  and  microwave  transitions  in  cesium. 
In  the  early  experiments,  one  krypton  ion  laser 
pumped  dye  laser  (HITC  dye  @  852  nm)  was  used  to 
pump  the  02  transition  of  atomic  cesium.  A  second 
laser,  pumped  by  the  same  krypton  ion  laser,  was 
used  to  monitor  the  state  of  atoms  which  passed  to 
the  second  region  of  the  beam  tube.  The  fluores¬ 
cence  signal  in  this  region  is  an  indication  of 
the  number  of  cesium  atoms  in  a  particular  ground- 
state  hyperfine  level  (figure  9).  For  example, 
figure  10  is  a  dispersion  curve  of  the  downstream 
cesium  beam  fluorescence  detected  by  a  frequency 
modulated  laser  swept  across  the  F=4  -*  F'=5,4,3 
lines.  Total  data  acquisition  for  this  curve  was 
one  minute.  The  fact  that  the  F=4  ■*  F'=5  transi¬ 
tion  is  much  larger  than  the  other  two  lines  is 
due  to  optical  pumping  on  the  two  lesser  transi¬ 
tions.  The  selection  rule  AF=±1,0  prevents  atoms 
from  entering  the  F=3  ground  state,  which  results 
in  fluorescence  of  many  photon  per  atoms.  The 
F=4  ♦  F'=4,3  transitions  move  atoms  to  the  F-3 
state,  where  they  no  longer  contribute  to  the 
fluorescence  signal. 

This  detection  laser  can  be  left  on  the  peak 
of  the  F=4  *  F'=5  dispersion  curve,  while  a  second 
laser  is  tuned  to  a  pumping  transition,  the  fluor¬ 
escence  signal  downstream  decreases.  This  is 
demonstrated  in  figure  11,  where  the  F=4  ♦  F '  =4 
transition  is  pumped.  Use  of  a  cycling  transition, 
such  as  F=4  ■»  F'=5,  for  fluorescence  detection  can 
result  in  100%  quantum  efficiency,  even  when  the 
light  collection  efficiency  is  small.  The  disad¬ 
vantage  of  this  method  is  that  intensity  noise  in 
the  laser  appears  in  the  detected  signal.  If  the 


detection  laser  is  tuned  to  a  pumping  transition, 
such  as  F=4  >  F‘=4,  the  quantum  efficiency  may 
decrease,  but  every  atom  contributes  an  equal 
number  of  photons  to  the  fluorescence  signal, 
regardless  of  the  atom's  velocity,  or  of  the 
laser's  intensity  (above  a  minimum  value  required 
for  complete  pumping). 

If  a  microwave  resonance  between  F=4  and  F=3 
of  the  ground  state  is  now  induced  between  the  two 
laser  regions,  the  fluorescence  signal  in  the 
second  region  will  be  partially  restored.  This 
signal  as  a  function  of  microwave  frequency  is 
shown  for  a  Rabi-type  resonance  structure  in 
figure  12  for  two  values  of  C-field.  The  peak 
which  did  not  change  frequency  with  change  in 
C-field  is  the  mp=0  +  mp=0  clock  transition.  The 
adjacent  lines  are  n  transitions  present  because 
the  C-field  is  not  precisely  parallel  to  the 
magnetic  field  vector,  fi,  of  the  microwaves.  As 
the  C-field  is  increased,  its  direction  becomes 
more  nearly  parallel  to  H,  enforcing  the  selection 
rule  Amp=0.  The  outmost  microwave  resonances  are 
the  mp=±l  ♦  mp=±l  transitions. 

In  a  cesium  standard  with  a  microwave  Q  of 
107  and  an  effective  beam  current  of  10  pA,  the 

_L 

expected  stability  would  be  about  4  x  10-12  i  , 
if  the  limiting  noise  is  shot  noise  associated 
with  the  atomic  beam.  If  a  cycling  transition  is 
used  for  fluorescence  detection,  the  intensity 
noise  in  the  laser  light  must  be  less  than  about 
10-5/-/Hz  in  order  that  shot  noise  dominate.  As 
seen  above,  this  condition  holds  with  the  CSP-type 
laser  diodes. 

A  more  difficult  problem  arises  with  detector 
noise.  Typical  best  performance  at  room  tempera¬ 
ture  for  a  silicon  PIN  diode  is  a  NEP  -  10-14 
watt/,/Hi .  At  one  photon/atom,  the  10  pA  beam 
current  used  above  would  emit  shot  noise  of  about 
2  x  10-IS  watt  into  4n  steradians.  The  use  of  a 
cycling  transition  with  perhaps  103  photons/atom 
would  bring  this  noise  level  above  the  detector 
noise  level  without  requiring  great  collection 
efficiency  or  the  use  of  photomultiplier  tubes. 

A  saturating  laser  intensity  (~  10  mW/cm2) 
over  a  1  cm  length  of  the  atomic  beam  should 
produce  such  a  large  number  of  photons.  If  the 
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collection  efficiency  is  increased,  the  interac¬ 
tion  region  may  be  correspondingly  reduced  in 
length. 

An  additional  feature  of  the  cycling  fluores¬ 
cence  is  that  is  tends  to  weight  slower  atom1  i,re 
heavily,  since  they  remain  within  the  laser  beam 
longer.  This  should  result  in  a  somewhat  higher 
microwave  Q  for  the  system. 

It  is  anticipated  that  freguency  noise  in  the 
laser  diode  light  will  not  introduce  additional 
noise  into  an  atomic  beam  standard,  since  the 
microwave  region  is  separate  from  the  pumping  and 
detection  regions.  However,  a  systematic  offset 
will  be  produced  due  tu  the  light  shift  induced  by 

fluorescent  radiation  entering  the  microwave 
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region.  Using  a  value  of  20  Hz  cm2/pW  for  the 

22 

light  shift  in  Cs  as  an  upper  limit,  and  2  x  10-H 
watt/4n  steradian  as  the  fluorescence  emitted  from 
a  cycling  detection  region  1  cm  from  the  microwave 
region,  the  resultant  light  shift  would  be  about 
3  x  IQ-2  Hz,  or  a  fractional  shift  of  3  x  10-,z. 
Since  the  intensity  of  the  laser  light  should  not 
change  over  a  period  of  a  year,  this  probably  does 
not  present  a  problem  for  commercial  applications, 
but  it  is  a  serious  consideration  for  primary 
standards,  where  an  accuracy  of  10-14  is  sought. 
A  detailed  calculation  is  in  progress  at  NBS. 

Further  increase  in  both  si gna 1  - to-noi se  and 
immunity  from  certain  systematics  should  be  ob¬ 
tained  by  pumping  the  cesium  atoms  into  a  single 
magnetic  sublevel.  One  way  of  accomplishing  this 
rearrangement  of  energy  level  populations  is 
through  the  use  of  two  lasers.^  One  laser  is 
tuned  to  the  F=3  *  F ' =4  transition  (figure  9), 
pumping  atoms  into  the  F=4  hyperfine  level.  A 
second  laser,  with  electric  field  polarization 
parallel  to  a  weak  magnetic  field  in  the  same 
pumping  region,  is  adjusted  to  the  F=4  *  F 1 =4 
line.  In  this  case,  the  atoms  from  the  F=4  level 
are  pumped  into  F=3  level,  with  the  exception  of 
the  F=4,  mf=Q  magnetic  sublevel,  which  remains 
unaffected  by  either  laser.  This  may  be  seen  by 
considering  the  Clebsch-Gordon  coefficient  which 
connects  the  F=4,  m^O  level  with  the  excited 
state: 

• j i j 2m i m2  JM>  =  <4100l40>  =  0,  (7) 


where  the  notation  used  is  the  same  as  that  of 
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Messiah.  In  this  case,  j , =F ,  m,=mp,  J=F',  and 
M=mp , .  The  photon's  quantum  numbers  are  given  by 
j2=l  and  m^O.  Ultimately,  all  atoms  are  pumped 
into  the  F=4,  mp=0  sublevel.  This  results  in  a 
factor  of  sixteen  increase  in  signal  over  conven¬ 
tional  state  selection,  and  removes  adjacent 
transitions  from  the  microwave  spectrum.  A  similar 
arrangement  may  be  used  to  pump  atoms  into  the 
F=3,  mp=0  sublevel,  since  Eq.  7  holds  for  any  two 
levels  with  j , = J  and  m,=m2=M=0. 

Experiments  are  in  progress  at  NBS  to  demon¬ 
strate  this  new  pumping  technique.  At  present,  the 
individual  selection  rules  involved  for  the  method 
have  been  demonstrated  using  dye  lasers.  Figure 
13  illustrates  the  most  critical  rule.  In  this 
example,  the  detection  region  laser  is  tuned  to 
the  F=4  F 1  =5  cycling  transition.  The  upstream, 
pumping  laser  is  tuned  to  the  F=4  •*  F'=4  line 
(852  nm).  A  microwave  spectrum  is  displayed  as  in 
figure  12.  In  curve  A,  the  electric  field  of  the 
laser  radiation  is  parallel  to  the  static  magnetic 
field  in  the  pumping  region.  Some  small  signal  is 
present  at  the  nip=0  -*  m^O  microwave  frequency 
because  the  optical  pumping  from  the  other  magnetic 
sublevels  changes  the  population  of  the  F=3,  nip=0 
level.  In  curve  B,  however,  the  polarization  of 
the  laser  is  rotated  by  about  6°  from  the  magnetic 
field  orientation.  This  removes  the  mp=0  selection 
rule,  and  results  in  a  marked  increase  in  the 
population  of  the  F=3,  mp=0  sublevel  relative  to 
the  F=4,  n>p=0  level.  This  produces  a  larger 
microwave  transition  signal  at  mp=0  ■*  mp=0.  The 
next  effort  to  actually  pump  all  of  the  cesium 
atoms  into  a  single  magnetic  sublevel  will  be  made 
with  diode  lasers. 

Conclusions 

The  properties  of  some  commercial  laser 
diodes  have  been  studied.  The  frequency  and 
intensity  noise  characteristics  of  these  lasers 
place  some  restrictions  on  the  short-term  stabilty 
of  both  vapor  cell  clocks  and  atomic  beam  stan¬ 
dards.  These  difficulties  probably  can  be  over¬ 
come  and  laser  diodes  may  be  used  to  improve  the 
performance  of  atomic  frequency  standards.  The 
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frequency  stability  and  light  shift  offsets  in  a 
laser-diode-pumped  rubidium  clock  have  been  meas¬ 
ured,  and  the  short-term  stability  compared  to 
that  of  a  conventional  Rb  ctocK.  A  preliminary 
investigation  has  been  made  of  optical  pumping  in 
a  cesium  beam  using  dye  lasers  and  the  selection 
rules  necessary  to  pump  all  of  the  cesium  atoms 
into  a  single  magnetic  sublevel  have  been  verified. 
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TABLE  1.  Performance  of  Atomic  Frequency  Standards 


Short-Term 

Stabi 1 ity 

Long-Term 

Stability 

Accuracy 

Commercial 

Rb  Clock  (3) 

2  x  10-  "/,/t 

3  x  10- 11 /month 

— 

Commercial 

Cs  Clock  (4) 

10-  ‘'A/t 

3  x  10-12 

(2  x  10-13  @  1  day) 

... 

Laboratory 

5  x  10->3//t  (5) 

10->«  @  1  week  (6) 

10-13  (5) 
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Figure  3.  Allan  variance  stability  curve  for  a  laser-pumped  rubidium 

clock.  The  laser  is  locked  to  the  F=l,  D2  transition  in  87Rb. 
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figure  4  Light  shift  in  87Rb  clock.  Input  laser  light  of  0.28  mW/cmz 

tuned  across  the  F=l,  02  transition. 
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Figure  5.  Maximum  light  shift  in  a  N7Rb  clock  as  a  function  of  laser 

power  density.  The  laser  is  tuned  to  the  low  frequency  disper¬ 
sion  peak  of  the  F=l,  02  transition. 
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F igure  6.  Frequency  noise  spectrum  of  a  CSP  laser  diode.  The  curve  was 
obtained  by  tuning  the  laser  to  the  side  of  a  Rb  absorption 
line. 
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only  slightly  greater  than  the  noise  level  of  the  measuring 
system  and  must  be  regarded  as  an  upper  limit  only. 


Figure  8. 


Laser  pumped/detected  atomic  beam. 


M  =  -4  -2  0  2  4 

r  Li-1  I  .1  -LI 

253  MHz 


I — I _ 

203  MHz 


152iMHz'L 

I — i — l _ 1 _ I 


4  H 

3 

F'=  2 


62P3,2 


852  nm 


9.19263177  GHz  _j62S1/ 


1 — 1 — 1 — 1 — 1 _ i _ 1 


figure  9. 


F  =3 

Term  diagram  for  ,33Cs. 


623 


200  MHz 


6?d 


Microwave  Frequency 


Rroc.  35th  Ann.  Freq.  Control  Symposium,  USAERADEOM,  Ft.  Monmouth,  NJ  07703,  May  1981 


PRELIMINARY  INVESTIGATION  OF  A  NEW  OPTICALLY 
PUMPED  ATOMIC  RUBIDIUM  STANDARD 


Summary 

We  are  studying  two  types  of  optically  pumped 
glass  cells  which  do  not  contain  a  buffer  gas  and 
have  no  wall  coating  in  which  beam-like  properties 
are  exploited.  The  first  device  is  a  sealed  glass 
tube  of  about  1  cm  diameter  and  20  cm  length.  A 
small  amount  of  87Rb  metal  is  localized  at  one  end 
by  temperature  gradients  which  also  control  the 
vapor  pressure.  The  cell  has  the  properties  of  a 
broad  atomic  beam  for  the  transport  of  optically 
pumped  atoms  from  one  end  to  the  other  with  col- 
limation  given  by  the  aspect  ratio  of  the  tube. 
At  each  end  the  Rb  "beam"  is  crossed  by  a  laser. 
In  each  interaction  region,  the  laser  optically 
pumps  atoms  into  one  of  the  5  2S.  hyperfine  levels, 
as  well  as  detects  population  changes  between  the 
hyperfine  levels.  In  a  second  device,  graphite 
inserts  are  included  in  the  glass  tube.  The 
graphite  strongly  getters  Rb,  thereby  providing 
collimation  and  significantly  reducing  scattering 
of  laser  light  from  background  Rb  atoms.  A  TEQ), 
microwave  cavity  is  positioned  between  the  two 
laser  interaction  regions. 

In  the  broad  beam  device  we  have  observed  the 
transport  of  optically  pumped  atoms  between  the 
ends  with  a  $/N  ratio  of  300:1  in  1  s.  A  tunable 
dye  laser  was  used  for  the  pumping  and  signal 
detection.  In  the  collimated  beam  device,  we  have 
observed  microwave  transitions  using  a  diode  laser 
for  pumping  and  fluorescence  detection. 

Key  words.  Atomic  Frequency  Standard;  Laser 
Frequency  Standard;  Optical  Pumping;  Rubidium 
Beam;  Rubidium  Cell;  Rubidium  Frequency  Standard. 

Introduction 

Portable  atomic  rubidium  standards  are  in 
widespread  use  because  of  their  relatively  low 
cost,  good  short  term  stability,  low  power  re¬ 
quirements,  and  physical  package  (small  size, 
light  weight).  However,  presently  available 
devices  are  limited  in  their  long  term  accuracy 
and  reproducibility  by  two  large  systematics: 
light  shifts  and  buffer  gas  pressure  shifts.  We 
are  in  the  preliminary  stages  of  investigating  two 
different  physical  packages  for  Rb  (or  Cs)  which 
show  promise  of  significant  reduction  in  these 
offsets,  while  still  maintaining  the  advantages  of 
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a  small  atomic  standard.  The  initial  goal  is  a 

of  optically  pumped 

in  a  buffer  gas  and  device  with  ID-10  to  10-11  accuracy  and  rapid 

eam-like  properties  turn-on  capability  compared  to  available  standards. 


The  two  packages  are  described  separately 
below  and  their  potential  for  portable  standards 
are  discussed.  Briefly,  these  devices  have  the 
advantages  for  accuracy  and  long-term  stability  of 
an  atomic  beam:  no  wall  coatings,  no  buffer 
gases,  and  an  optical  interaction  region  which  is 
separate  from  the  microwave  region.  These  general 
features  are  illustrated  in  fig.  1.  However,  they 
differ  significantly  from  commercial  portable  beam 
standards  in  their  simplicity  of  construction  and 
use  of  optical  pumping  to  eliminate  state  selection 
magnets.  For  practical  implementation,  both 
schemes  do  depend  on  the  availability  of  reliable 
diode  lasers.  So  far,  we  have  performed  all 
experiments  using  Rb,  though  some  advantages  of  Cs 
are  pointed  out  below. 

87Rb  Beam/Cell 

General  Description.  Fig.  2a  illustrates  a  simple 
glass  beam/cell1  which  we  have  investigated.  The 
atomic  source  consists  of  87Rb  localized  at  one 
end  by  temperature  gradients  and  heated  to  40-50 
°C.  The  atomic  vapor  density  at  this  temperature 
presents  about  one  optical  absorption  length  to 
the  intersecting  laser  beams  which  are  tuned  to 
the  5  F=2  *  5  zP3/2  F=1 ,2,3  Doppler  broadened 
02  resonance  (see  fig.  3).  At  this  operating 
temperature  and  pressure,  the  mean  free  path  for 
ground- state  spin-exchange  collisions  remains  much 
greater  than  the  cell  dimensions,  so  that  Rb 
atom-atom  collisions  are  unimportant.  Thus, 
attenuation  of  the  laser  light  and  not  the  atomic 
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mean  free  path  length  determines  the  highest 
useful  temperature  in  the  beam/cell. 

If  >t  is  assumed  that  a  wall  collision  ef¬ 
fectively  destroys  any  difference  between  ground- 
state  populations,  we  may  then  think  of  this 
device  as  producing  a  broad,  large  source  area 
atomic  beam  for  the  transport  of  optically  pumped 
atoms  from  one  optical  region  to  the  other.  The 
beam's  effective  collimation  is  given  approximately 
by  the  aspect  ratio,  a/r,  of  the  tube,  where  a  is 
the  tube  radius,  and  r  is  the  separation  between 
optical  regions. 

It  should  be  noted  that  if  a  single  laser  is 
used  for  both  interaction  regions  and  significant 
net  mass  transport  of  Rb  does  not  take  place  from 
one  end  of  the  tube  to  the  other,  then  the  device 
is  also  inherently  symmetrical-  each  optical 
interaction  region  may  be  considered  to  be  both  a 
pump  and  a  detection  region.  In  this  case,  we 
have  dual  opposed  atomic  beams  which  may  be  used 
to  cancel  out  phase  shifts  associated  with  the 
microwave  cavity.  For  clarity  in  the  discussion 
which  follows,  however,  one  laser  will  be  referred 
to  as  a  pump  and  the  other  as  a  detector. 

With  reference  to  fig.  2b,  we  now  consider  in 
detail  the  transport  of  pumped  atoms  between  the 
optical  interaction  regions  in  terms  of  atomic 
densities.  If  the  laser  beam  is  expanded  to  cover 
the  entire  cross  section  of  the  cell,  it  will 
interact  with  the  atoms  in  a  disc-shaped  region  of 

radius  a.  Then  from  simple  geometrical  consid- 
2 

erations,  the  density  of  atoms  at  r  which  origi¬ 
nated  in  the  disc  and  have  not  suffered  a  wall 
col  1 i sion  is  given  by 


width  of  -  600  MHz.  In  addition,  the  number  of 
atoms  pumped  from  a  hyperfine  level  depends  upon 
the  number  of  magnetic  substates  in  that  manifold 
This  may  be  expressed  in  terms  of  a  weighting 
factor,  g^,  where  g,  =  3/8  for  F  =  1  and  g2  =  8/8 
for  F  =  2  of  S7Rb.  Thus,  for  Av^  ■  Av^ ,  the  den¬ 
sity  of  atoms  at  r  which  were  pumped  into  a  sinqle 
hyperfine  manifold  at  the  originating  disc  is 


pp(r)  =  9F  Ao l  (2?)  n  (2> 

We  have  assumed  that  the  product  of  laser 
intensity  and  optical  interaction  time  is  suf¬ 
ficient  to  pump  all  atoms  absorbing  within  Av# 
If  Au^  >  A\>p,  the  linewidth  factor  becomes  unity 
for  an  appropriately  tuned  pump  laser 

The  density  of  background  absorbers  is 
simply  determined  by  the  ratio  of  Auf  to  the  full 
Doppler  width  Au^  (for  Auf  <  Au^)  times  the 
weighting  factor  gf  of  the  ground  state  level 
involved  in  the  optical  transition: 

% 

pb=  ^f  *rD  "  (3> 


The  ratio  p  /p„ 
P  B 


is  thus  independent  of  Auf: 


PJ. 

pB 


1  a 
8  r 


(4) 


P0(D  =  (§7)  2  n  ,  (1) 

where  n  =  background  atomic  density.  For  our 
experimental  situation,  a  =  0.5  cm,  r  =  8  cm,  and 
pQ(r)  =  10-3n. 

In  general,  not  all  of  the  atoms  contributing 
to  PQ(r)  will  be  optically  pumped  if  the  laser 
spectral  width  Au^  is  narrower  than  the  transverse 
bear  Ooppler  width  AVp.  In  this  case,  AVp  ~  AVp 
(2a/r)  ~  75  MHz,  where  AUp  is  the  full  Doppler 


We  next  consider  the  effect  of  saturating  the 
microwave  clock  transition  (Mp  =  0  -*  Mp  =  0)  in 
the  region  between  the  two  lasers.  For  both  laser 
beams  at  the  same  frequency,  this  will  increase 
the  absorption  in  the  detection  region  by  in¬ 
creasing  the  density  of  atoms  in  one  of  the  FM^  =  0 
states.  For  87Rb  the  change  in  density  which 
contributes  to  this  absorption  is  given  by 

ps(r)  =  15^  pp+  16(l-gF>  pp  =  16gf(l-gF)  pp  (5) 
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where  we  have  made  the  approximation  that  the 
pumped  atoms  are  distributed  equally  among  the 
receiving  hyperfine  magnetic  sublevels.  (For 
example,  it  we  pump  out  of  F=2,  then  gf  =  5/g  and 
the  F  =  1  populations  are  increased  ) 

The  ratio  of  signal  density  to  background 
density  is  then  given  by 

Ps  _  J_  a  1 _  , 

P„  '  128  f  gFa-gF) 

"nder'  our  experimental  conditions,  ^s/pD  - 
;  «  !  0- * 


For  a  simple  linear  absorption  model  (ne- 
vj’ettmq  saturation  effects),  t>e  transmitted 
'  ’  qht.  intensity  will  be 


I 

0 


(  I 


(8) 


wnere  u  is  the  optica'  absorption  cross  section 
ana  t  is  the  path  lenqth  through  the  vapor 
M i r  rowave  mudu lation  with  phase  sensitive  detection 
t  the  absorption  signal  then  results  in  a  signal 


1  PSD 


-up  f 

I  e  p  uf 
o  s 


(9) 


(10) 


7  x  10'4  I  , 
0 


(11) 


where  we  have  chosen  Pg<j£  =  1  (one  optical  depth), 
and  the  same  experimental  conditions  as  used  above 
are  invoked  The  approximate  expressions  obtained 
above  are  valid  for  laser  powers  below  saturation, 
but  they  must  be  modified  if  IQ  approaches  the 
saturation  intensity3. 


Noise  Below,  we  identify  several  sour-es  of 
noise  and  briefly  discuss  some  aspects  of  absorp¬ 


tion  and  fluorescence  detection  with  regard  to 
these  noise  terms. 

(1)  Laser  intensity  noise.  For  the  intensity 
(and  frequency)  stabilized  dye  laser  used  in  these 
experiments,  fractional  intensity  fluctuations 
have  been  reduced  to  less  than  5  x  lO-V/Hz  beyond 
500  Hz.  For  the  diode  lasers  which  we  have  used, 
fractional  intensity  noise  on  a  single  mode  (these 
“single  mode"  diodes  generally  exhibit  multimode 
operation,  with  one  strong  mode  and  a  few  weak 
auxiliary  modes)  ranged  from  10-5A/Hz  to  less  than 
10-6/^Rz.  The  photon  shot  noise  for  laser  powers 
in  the  range  of  10-5  to  10-<  watts  at  780  nm  is 
0.5  to  1.5  x  10_7/,/Hz.  These  power  levels  are 
typical  in  these  experiments. 

(2)  Laser  frequency  noise.  The  Doppler 
broadened  absorption  profile  converts  frequency 
noise  to  amplitude  noise.  Near  line  center, 
frequency  to  amplitude  noise  conversion  is  re¬ 
duced  To  a  good  approximation,  we  can  represent 
the  Doppler  broadened  absorption  profile  in 
Gaussian  form, 


P(ui(t))  «  PQ  exp[(wF(t)  -  iuo)/diuo]J, 

where  u^tt)  is  the  instantaneous  laser  frequency 

(in  angular  units),  is  the  line  center,  and 
iw  =  Av-.  If  we  write 

0  Vfn2  0 

Ui^f  t  )  =  U)0  +  £|  ♦  Cj(t) 

where  t,  is  a  fixed  frequency  offset  from  line 
center  and  c2(t)  is  a  time  dependent  change  in  the 
laser  frequency  and  if 

r.,  ,f.2(t)  <<  hu>0, 

then  the  fractional  frequency  to  amplitude  noise 
term  is  given  by 


>|(t) 


2t2(t)i., 

(diuo)2 
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Empirically,  we  can  expect  In  a  1  Hz  bandwidth  that 

tj  '  2n  x  75  kHz 

c2(t)  ?  2n  x  100  kHz 

and  Aw  =r  n  x  560  MHz 
0  /tn2 

Thus,  the  fractional  intensity  fluctuations 
due  to  FM  to  AM  conversion  are  less  than  2  x  10- 1 / 
■/Hz.  For  diode  lasers  we  have  measured  ~  0. 1  MHz/ 
/Hz  at  500  Hz  which  also  gives  a  fractional  inten¬ 
sity  of  <  2  x  10-7//Hz.  (For  Av^  =  75  MHz,  we 
obtain  1.2  x  10-5//Hz.) 

(3)  Oetector  noise.  Solid  state  photodiodes 
are  available  with  dark  currents  of  s  10-14  iz 
and  noise  equivalent  powers  (HEP)  of  approximately 
1  x  10- ' 4  W//Hz.  This  value  is  negligible  for  the 
absorption  experiments  but  may  dominate  the  noise 
for  weak  fluorescence  signals. 

(4)  Background  absorption  noise.  The 

atomic  absorption  process  introduces  another  noise 

contribution  associated  with  the  number  of  atoms 

which  have  made  an  optical  transition.  If  we  let 

Pft  represent  the  power  absorbed  by  the  background 

atoms  out  of  the  incident  laser  beam,  then  this 

noise  contribution  is  proportional  to  /P^7hv//Hz, 

where  hu  is  the  optical  quantum  of  energy.  For 

densities  which  give  one  optical  absorption  depth, 

P.  ?  0.6  P.  .  .  .  ,  and  this  contribution  is  of 

A  incident 

the  same  order  as  the  laser  shot  noise  contri¬ 
bution. 

(5)  Signal  noise.  The  signal  noise  term, 
which  is  proportional  to  the  square  root  of  the 
number  of  atoms  which  have  made  the  microwave 
clock  transition,  is  the  fundamentally  limiting 
noise  term.  In  practice,  one  is  usually  limited 
in  signal-to-noise  ratio  by  one  of  the  previously 
listed  noise  sources,  and  not  by  the  signal  shot 
noise  term. 

In  absorption  and  fluorescence  experiments, 
all  of  the  noise  terms  are  present  and  they  must 
be  individually  examined  for  each  experimental 
situation.  In  the  collimated  and  wel 1-gettered  Rb 
beam  tube  of  our  second  design,  the  background 
noise  is  virtually  eliminated.  Furthermore, 
fluorescence  detection  in  this  scheme  has  an 
additional  advantage:  if  the  laser  intensity- 


interaction  time  product  is  sufficient  to  opti¬ 
cally  pump  all  atoms  then,  in  principle,  it  is 
possible  to  eliminate  the  noise  due  to  laser 
intensity  fluctuations  for  times  longer  than  the 
average  transit  time  through  the  laser  beam. 

Experiment.  Preliminary  to  the  application  of 
microwaves,  we  have  observed  the  transport  of 
optically  pumped  atoms  between  the  interaction 
regions  in  an  absorption  experiment.  An  intensity 
stabilized,  single-mode,  tunable  jet  stream  dye 
laser  (5  MHz  spectral  linewidth,  intensity  noise 
~  10-7//Hz  beyond  500  Hz,  power  attenuated  to  50 
microwatts)  was  used  for  pumping  and  downstream 
detection.  By  chopping  the  pump  beam  either 
mechanically  or  with  an  electro-optic  crystal  and 
synchronously  detecting  the  downstream  absorption, 
we  observed  a  maximum  signal-to-noise  (S/N)  ratio 
of  ~  300.1  (x  =  1  s).  This  signal  is  the  change 
in  the  detected  intensity  synchronous  with  the 
chopped  pump  beam.  It  is  due  to  the  change  in 
absorption  of  the  atomic  beam  when  the  sublevel 
populations  in  one  of  the  lower  F  levels  are 
redistributed. 

To  compare  with  our  description,  we  expect 
that  without  microwaves 
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The  largest  noise  contribution  arose  from  laser 
intensity  fluctuations  at  the  5  x  10-7  level. 
With  this  level  of  noise,  we  expect  a  S/N  of  about 
5800:1  in  Is,  roughly  a  factor  of  20  better  than 
the  300:1  which  we  have  observed.  Stray  light 
from  window  scattering  precluded  the  possibility 
of  fluorescence  detection.  We  note  that  a  fre¬ 
quency  stability  of  1  x  10- 10  in  1  s.  requires  a 
S/N  ratio  of  about  600  at  1  s  on  the  microwave 
resonance. 


Standards  Potential .  Additional  work  is  required 
to  evaluate  experimentally  the  maximum  S/N  of  this 
device.  We  now  have  a  diode  laser  with  spectral 
width  of  150  MHz  which  should  increase  signal 
because  the  factor  AVj/AVp  will  be  approximately 
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unity.  Also,  fluorescence  detection  (easily 
possible  with  microwave  modulation  as  opposed  to 
light  modulation)  will  give  a  smaller  signal,  but 
should  also  decrease  the  noise,  and  we  expect  an 
improved  signal-to-noise  ratio. 

One  systematic  error  of  this  device,  which 
will  eventually  need  to  be  investigated,  is  the 
light  shift  produced  by  fluorescent  light  origi¬ 
nating  in  the  pumping  and  detection  regions.  We 
note  that  because  of  the  symmetry  of  the  beam 
/cell,  light  from  one  region  will  be  blue  shifted 
while  light  from  the  other  region  will  be  red 
shifted,  so  that  the  atom  will  be  subject  to  a 
symmetric  frequency  distribution.  Furthermore, 
since  the  cell  is  optically  thick,  the  intensity 
scattered  into  the  microwave  region  will  be  some¬ 
what  reduced  by  multiple  scatterings  (this  will 
also  contribute  to  depumping  atoms  in  the  beam). 

Rb  Beam  Tube 

General  Description.  Fig.  4  illustrates  a  glass 
beam  tube  Rb  (natural  isotopic  abundance)  is 
localized  in  one  end  by  temperature  gradients. 
However,  a  glass  capillary  and  graphite  inserts 
provide  a  collimation  ratio  of  about  10.1  in  order 
to  form  a  directed  atomic  beam  of  Rb  The  present 
tube  is  actively  pumr"d  by  a  small  ion  appendage 
pump,  though  it  is  anticipated  that  the  tube  will 
operate  in  a  sealed  -off  mode  due  to  the  excellent 
gettering  properties  of  the  graphite.  The  absence 
of  any  appreciable  density  of  background  Rb  atoms 
makes  this  device  much  more  like  a  simplified, 
conventional  atomic  beam  than  the  previously  dis¬ 
cussed  beam/cel  1 . 

It  is  expected  that  one  gram  of  natural  Rb  in 
the  source  will  last  more  than  a  year  when  oper¬ 
ated  at  90  °C,  providing  an  atomic  beam  flux  of 
3  x  1010  87Rb  atoms/s  into  a  3  mm2  area  at  the 
detector.  Again,  the  configuration  can  be  made 
symmetric  by  using  two  sources  to  provide  opposing 
beams . 

Signal  To  estimate  the  microwave  signal,  we  must 
know  what  population  difference  can  be  obtained 
between  the  clock  transition  sublevels  by  laser 
pumping  The  solution  of  the  optical  pumping 


equations  for  a  single  laser  is  outlined  in  the 
Appendix,  with  results  presented  in  figs.  (5), 
(6),  and  (7).  The  calculation  assumes  that  both 
the  laser  width  and  residual  Doppler  width  of  the 
atomic  beam  are  less  than  the  excited  state  hyper- 
fine  splittings,  so  that  absorption  takes  place  on 
a  single  F  transition.  It  is  clear  that  the 
F  =  2  »  F'  =  2  line  pumped  by  o-polarized  light 
maximizes  the  population  difference,  6oq,  between 
the  F  =  1,  nip  =  0  and  F  =  2,  ny  =  0  levels.  (The 
same  line  pumped  with  n  light  results  in  6qo  =  0). 
If  the  optimum  6  of  0.4  is  attained,  we  expect 
the  microwaves  to  induce  a  20%  change  in  the  total 
beam  fluorescence  in  the  detection  region. 

We  will  use  this  figure  to  estimate  the  S/N 
though  the  actual  change  in  detected  fluorescence 
may  be  less  when  the  angular  distribution  of  the 
light  emitted  during  the  detection  cycle  is  taken 
into  account. 

For  a  beam  current  of  3  x  lO10  87Rb  atoms/s, 
a  collection  solid  angle  factor  of  1%,  and  de¬ 
tector  efficiency  of  70%,  we  expect  5  x  10®  de¬ 
tected  photons  per  s,  (~  3  photons/atom),  and  a 
synchronously  detected  signal  of  about  1  x  10s 
photons/s  (1.6  x  10-11  A)  fluorescence. 

With  100  pW  pump  power  (=  4  x  1014  photons/s), 
we  would  expect  a  fractional  absorption  signal  of 
about  3  x  10- 5 ,  about  3  times  larger  than  the 
microwave  absorption  signal  expected  from  the 
beam/cell  using  the  5  MHz  wide  laser,  and  somewhat 
smaller  than  might  be  expected  from  the  beam/cell 
absorption  if  a  broader  linewidth  laser  were  used. 

Noise:  The  noise  sources  are  the  same  as  those 
previously  discussed.  With  fluorescence,  we  have 
found  experimentally  that  the  major  noise  contri¬ 
bution  is  due  to  the  detector  dark  current  at  the 
level  of  1  x  10-14  W/VHz,  implying  a  theoretical 
S/N  of  better  than  1000:1  in  1  sec  for  a  1%  solid 
angle  (fractional  shot  noise  limit  is  104:1).  In 
absorption,  the  shot  noise  limit  to  S/N  ratio  is 
about  600:1  for  100  pW  of  laser  power. 

Experiment:  Fig.  8  shows  the  laser  induced  fluor¬ 
escence  observed  in  the  detection  region  as  laser 
injection  current  is  slowly  swept.  The  85Rb  lines 
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are  strongest  due  to  the  3:1  natural  abundance 
ratio  of  Nr,Rb:S7Rb.  The  largest  components  of 
each  array  occur  on  cycling  transitions  such  as 
F  = 2  ■  F'  =  3  in  H7Rb.  Fig.  9  shows  a  derivative 
fluorescence  detection  signal  with  improved  reso¬ 
lution  of  the  "’Rb.  F  =  2  •  •  F 1  =  1,  2,  3  spectrum. 
The  arrow  indicates  the  discriminator  point  used 
to  lock  the  laser  to  the  F  =  2  •  F’  2  transition. 

With  the  laser  locked,  microwave  power  was 
applied  in  the  intermediate  region  using  a  Tfgjj 
civ  i t v  The  glass  beam  tube  fits  axially  along 
•he  center  of  the  cavity  in  order  to  avoid  field 
reversals  and  to  maintain  inherent  symmetry  of  the 
mode  Figs.  10  and  11  show  the  microwave 

■ esonances  we  have  observed  by  phase  sensitive 
detection  with  the  microwave  frequency  modulated 
<2  kHz  at  a  400  Fiz  rate 

Theoretically  the  clock  transition  signal  is 
strongest  for  F  -  2  ■  F  '  -  2  o  pump  light.,  but 

gives  no  signal  for  n  pump  light.  The  fact  that 
we  see  the  clock  transition  for  both  polarizations 
•nd'cates  poor  definition  of  the  maqnetic  field 
within  the  cavity.  We  attribute  this  problem  to 
'adequate  magnetic  shielding  of  the  earth's  field 
i  all  of  the  interaction  regions.  At  present, 
the  observed  S/N  is  far  below  what  we  have  esti¬ 
mated  should  be  possible. 

Nevertheless,  from  the  data  in  fig.  11,  we 
conclude  that  the  observed  resonance  is  already 
adequate  for  obtaining  a  frequency  stability  of 
about  3  x  10- *  in  1  second. 


Rb,  The  benefit  of  a  single  Cs  isotope,  a  more 
widely  spaced  excited  state  hyperfine  structure, 
and  a  somewhat  higher  atomic  Q  will  enhance  the 
signal  and  make  it  easier  to  implement  diode  laser 
auto- locking  schemes.  We  expect  to  have  laser 
diodes  operating  at  the  Cs  wavelength  within  a  few 
months. 

At  present,  the  beam  tube  appears  to  oe  a 
much  more  promising  device  than  the  beam/cell, 
though  both  warrant  further  investigation. 

Both  devices  clearly  eliminate  many  of  the 
accuracy  and  long-term  stability  limitations  of 
present  portable  atomic  frequency  standards  which 
have  fractional  stabilities  of  10  ^  -  10  but, 
at  this  time,  the  improvement  has  come  at  the 
expense  of  reduced  S/N  ratio.  We  expect  to  improve 
the  S/N  ratio,  and  note  that  the  simplified  opti¬ 
cally  pumped  Rb  (Cs)  beam  tube  offers  the  potential 
of  at  least  an  order  of  magnitude  improvement  in 
long-term  stability  and  accuracy  as  compared  to 
the  presently  available  Rb  portable  standards. 


Appendix 

The  atomic  absorption  probability  per  second, 
Pf  . ,  to  the  level  f’  =  n 1  I J ' F ; Mp , >  from  the 
level  i'  =  nlJFMp>  may  be  written  as  ( MKS  units): 
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Standards  Potential.  In  addition  to  improving  the 
field  definition,  we  feel  there  are  a  number  of 
changes  which  would  produce  a  Rb  beam  with  frac¬ 
tional  stability  at  1  second  of  less  than 
1  x  10-'°.  The  largest  improvement  would  come  by 
improving  the  collection  efficiency  of  the  detected 
light  from  the  present  1%  to  better  than  20%  and  by 
replacing  the  Rabi  cavity  with  a  Ramsey  cavity. 
Another  improvement  would  be  obtained  by  using  a 
more  intense  laser  to  increase  the  population  dif¬ 
ference  6  At  present,  o.Nt  =  26,  while  from 
oo  A 

fiq  6  a  value  of  at  least  100  is  desirable. 

It  is  clear  that  the  simplified  beam  device 
should  operate  at  least  as  well  with  Cs  as  with 


^  =  intensity  per  unit  angular  band¬ 
width  of  the  pumping  light  with 
polarization  unit  vector  e. 

Expanding  the  matrix  element  and  eliminating  the 
reduced  matrix  element  by  considering  the  analo¬ 
gous  expression  for  spontaneous  emission,  we 
obtain 


where  =  3A2  (\  =  optical  transition  wave¬ 

length) 


N  -  _L  dl 
”  fxut  dm 

=  number  of  photons/m2  -  s 

within  the  atomic  absorption  ’ 

1 i newidth 

(t  -  I*  =  =  upper  state  lifetime) 

and  for  light  that  connects  the  levels  F  and  F1 
which  is  linearly  polarized  parallel  (n)  or  perpen¬ 
dicular  (:i)  tu  an  external  field  we  have 


4 

.here  (  )  and  ;  ;  are  3-j  and  6- j  symbols,  re¬ 
spectively  w^th  the  same  assumptions  as  in  Ref. 
■I ,  the  optical  pumping  rate  equations  are  then 


distributed  among  the  lower  levels  (n^  =  0.125  for 
M  7  Rb ) . 

We  can  relate  to  the  initial  scattering 
rate  per  atom  as  follows.  Let  P  be  the  rate  of 
absorpton  (photons/s  or  transitions/s)  for  an  atom 
known  to  be  in  the  level  F  with  equal  distribution 
among  the  sublevels.  Then  P  is  obtained  from 
P^  .  by  summing  over  excited  sublevels  and  averaging 
over  initial  sublevels: 


We  see  that  is  related  to  P  by  the  factor  K^,, 
K^p,  is  given  in  Table  1  for  "7Rb  D2  light.  For  a 
saturating  laser  beam  (absorption  rate  =  spon¬ 
taneous  emission  rate),  we  have  P  =  1/t  or  = 
1/to^Kpp,.  Since  ,  can  vary  by  as  much  as  a 
factor  of  10,  we  see  that  the  saturation  intensity 
is  strongly  dependent  on  the  F-*F'  route. 


n.(t),  rij,(t)  are  lower  level  popula 
tions 


B-f  is  the  spontaneous  emission  branching 
ratio  from  f>  to  i  >  normalized  to  unity  (2B.^=1; 
these  are  listed  in  Ref.  5). 

This  set  of  equations  is  easily  solved  by 
iteration  on  a  computer.  For  convenience,  the 
iteration  has  been  done  in  increments  of  o^Nt, 
which  appears  as  the  abscissa  in  figs.  5,  6,  and 
/  At  to,  we  assume  the  atom  to  be  equally 


References 

1.  This  idea  was  originally  suggested  to  us  by 
5.  R.  Stein  and  H.  Hellwig.  Some  features 
have  been  described  in  :  P.  Cerez,  M.  Arditi, 
and  A.  Kastler,  C.  R.  Acad.  Sc  Paris  267,  282 
(1968). 

2.  A.  C.  Tam  and  W.  Flapper,  Phys.  Rev.  Lett.  A38, 
278  (1977),  N.  Ramsey,  Molecular  Beams 
(Oxford  Univ.  Press,  London,  1969). 

3.  P.  G.  Papas,  M.  M.  Burns,  D.  D.  Hinshelwood, 

M.  S.  Feld,  and  D,  E.  Murnick,  Phys.  Rev.  A 
21,  1955  (1980). 

4.  A.  R.  Edmonds,  Angular  Momentum  In  Quantum 
Meachnics  (Princeton  Univ.  Press,  Princeton, 

N.  J.  ,  1960). 

5.  M.  Arditi,  I.  Hirano,  and  P.  Tougne,  J. 
Phys.  0:  Appl.  Phys.  H,  2465  (1978). 

6.  P.  Cerez  and  F.  Hartmann,  IEEE  Journ.  Quantum 
Elec.  QE-I3,  344  (1977), 


o  o  o  o  o 


©  !© 

■  0rrr' 


Convenrionai 


A 


"T 

J 


o  o'o  o"o 


.  jser 
•r<-.  O-ode 


Proposed 


Figure  1.  General  comparison  of  physics  packages  for  present  Rb  standards  and 
the  schemes  being  investigated  here. 
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Mqme  i  (a)  Pyre*  "7Rb  beam/cell.  The  sections  intercepted  by  the  laser 
beam  incorporate  pyre*  spectrophotometer  cells  to  obtain  flat,  high  optical 
quality  sides.  Detection  is  by  transmission  monitoring.  (b)  Schematic 
illustration  of  the  optical  interaction  region. 
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Fiqure  3.  Energy  levels  relevant  to  D 2  optical  pumping  in  *7Rb  (not  drawn  to 
scale). 
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Figure  4  Pyrex  atomic  beam  tube  with  graphite  inserts.  Spectrophotometer 
cells  are  used  as  in  the  beam/cell.  However,  detection  is  by  fluorescence 
monitoring  at  right  angles  to  the  laser  beam.  A  TEQ11  microwave  cavity  with 
cylindrical  axis  along  the  beam  fits  between  the  two  optical  interaction 
regions. 


Figure  5  1  he  nonzero  population  differences  6q  =  n(F  -  2.  M^  =  0)  -n(F  =  1, 

Mf  -  0)  are  plotted  vs.  ciNt  for  H7Rb  02  (  780  mm)  light  of  n  polarization.  For 
a  100  uW  laser  beam  of  3mm  dia,  150  MHz  spectral  width  at  780  nm,  =  3.87  x 
10"  (seP  Appendix  for  details).  Transit  time  through  the  beam  then  corresponds 
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F  lqure  *.  Same  as  F  igure  5,  but  for  n  polarization. 
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Figure  1.  Ground  state  sublevel  populations  vs.  o.Nt  for  87Rb  D2  (780  nm). 
The  pumping  is  done  on  the  b  S,  F  =  2  *  5  2P,  F1  =  2  transition  with  <i 

"i  J  /* 

polarized  light  (see  Appendix  for  details).  This  transition  results  in  the 
largest  possible  population  difference  between  the  =  0  clock  sublevels  for 
pumping  with  a  single  linearly  polarized  laser. 


f  iqure  8  Oiode  laser  induced  fluorescence  vs  laser  wavelength  observed 
downstream  in  the  Rb  beam  tube  (pump  beam  blocked).  Sloping  baseline  is  due 
tu  the  change  in  intensity  of  the  stray  laser  light  as  the  injection  current 
is  swept.  Diode  Laser,  type  TJS,  90  pW  power,  150  MHz  spectral  width,  3  mm 
beam  diameter  Source  temperature  =  100  °C. 


figure  9.  Diode  induced  fluorescence  vs.  laser  wavelength  observed  downstream 

for  the  87Rb  b  2S,  F  =  2  *  b  ^P,,,,  F1  -  1,  2,  3  transitions.  Phase  sensitive 
i  3/2 

detection  with  laser  fm  modulated  over  40  MHz  at  200  Hz  rate,  time  constant 
400  ms.  lo  obtain  the  .nicrowave  data  in  figs.  10  and  11,  the  laser  was 
locked  to  the  f'  ~  2  fluorescence  peak  (arrow)  observed  in  the  pumping  region. 


Figure  10  Microwave  resonances  in  the  fluorescent  light  for  several  values 
of  an  applied  longitudinal  magnetic  field  (field  increases  from  top  to  bottom) 
Horizontal  axis  is  a  400  KHz  sweep  of  the  microwave  frequency  about  the 
center  value  6  834627GHz  while  the  diode  laser  is  locked  to  the  b  'S,  f  -  2  • 
■,  *pvj  f  -  ?  transition.  Pumping  is  done  with  n  polarized  light. 
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•  t  r  ■  .  1  im;  ; : .  ;  r  •  nt  1  y  .iv.j  i  1  able  . 

y>  s  W-  »  feu  ;  a  urn,  s|  *  ♦  i  a !  l  amp,  sap- 

'  .  :  •  ,  »♦  »*  •  .  1.  k 


•  .  r  •  ■;/  :ev  •  le.j  ,fT>eJit  t  •  t  the  tJlViJt.il 

•  :  ■:  i'.-j  .  t .  (•{;).  Although  the  !i.ivii{.it  i-  n 

•  :-or.  <  ■  t  ♦».»;.»  b*<  k-  ha:,  qre.it  ly  ex<  e-ed«- a 

.  •  . ;  ■  xi  <•  *  at  i  >  am  ,  *'  *  1  h<-i<-  have  i.e..»,  n>l  i  il.i  |- 

;  i  :  .  ;r.- .  .  .  \>  •  <  i  •  h-  :«  { -f  .1  ■ !  *  -in: ,  laV*-  l-*-* 

«  -  *  f  •  I  ..  k  •  le-  t  I  r  ,n  \<  T  .j:  .V"  l.|S.! 

:  »::•*.  ir .  ret  !  urn  i.  tn ‘j.i  ,j )  i»-  nafiji*.  The 

■  <  i  j  -  '  j  : ,  i »  1  i  1 1  i  1  i  t  y  [  r  •  •  1  • ! « -n  is  t  tie  t }  }  .  1 1  •  •  1 1  f 

•  i  ?  *  ■  .  s*sme  oj  *  he  I'li  i  t  roije  1  e  .... 

h  it  a*  ,  r  1  it  i  S  i  nr  -.}.*<•  t  r  a  1  1  ..nr;j  -s  that  in-  iiS'-.i 

t  i  ■  ,  1 1  i  urn;  i  nq . 


J’elerni.try  arc!  other  -lata  stjqqest  that  t  h« 

:  I.I  lie  tii  >.  }e  I  less  of  free  metal  lie  i'b  in  t \v 
«;n{  ,  w:fj.  the  most  likely  loss  mechanisms  kx-mq 
s  i  -  Tri  j  al  [>■■)'  ti-.fi  |<!  free  Ph  With  the  ql.ir.s  enVe*i|.. 
•;/,  f  *  i  f  '  -j-.  i .  ,n  t.f  ‘  r*-.  ?q,  it.ro  the  q  lass  at  t  },. 

"icViti  i  IMIJ'-S  ell'*  -’lilt  I  e-1  III  t  lie  spate 


{vacuum)  environment.  An  extensive  invest  jq.if  ion,'^ 
bequn  in  late  1070,  is  preseiitly  Jit  a-lyinq  these  «in«i 
other  questions.  In  the  meantime,  an  interim 
approach  has  boon  adopted  tor  (IPS  Phase  II.  This 
interim  approach  <-onsista>  of  incroasinq  the  Rb- 
fills  of  qlass  lamp?  and  usinq  a  different  typo  ol 
q  1  <i:>s  <Corriinq  17. ’u)  for  the  envelope.  Aeee leruted 
life  test  data  taken  by  Ef  ra tom  and  Rockwell  suq- 
qe:,i  a  qround-baser]  lifetime  in  excess  of  10  years 
under  these  condit ions. 

In  addition  to  thirj  interim  a;.,- .roach,  Efratom 
ha-.,  initiated  an  internally  funded  proqram  to 
ievt.-loj,  a  lamp  haviriq  a  lifetime  that  i‘i  ati  order 
ol  maqrutude  qreat.e/  than  that  of  a  qlass  lamp  t.iv 
usinq  sapphire  and  sapphi re-1  ike  materials  instead 
of  qlass.  This  proqram  is  the  subject  of  this 
(•ape*  . 


Earn]  i  Charged  *  or  l  sties 

State-of-the-art  rubidium  speetr<il  l  imps  that 
are  used  in  present-day  commercial  rubidium  fre¬ 
quency  standards  generally  have  the  following 
<  -bar  actor i st ics: 

1.  Operating  temperature:  lr.i'°  (.  . 

.?.  Electrodeless  discharge  operation:  •  f 

frequency  IdM  MHz,  rf  f>«>wer  t«  ns  hi.-u. 

W. 

l.ainp  envelof-e  m.  it  dial:  glass  o}  a  typo 
that  not  readily  ..‘ta«.:ked  by  rubidium. 

Is  tfie  :>app*hir«*  \»\mp  deve \ opnu-nl  proqram  dcsi.ribe-1 

•  s  this  p.i|  er  ,  charact  or  i  st  jos;  (1)  and  (.')  are 
let  .lined,  uid  t  lie  goal  i  :i  t<’  bujlc.  an  extremely 
b-nq-  lived  sapf -hi  re- 1  ypo  l.tm}>  that  has  pi  •••  nu 

•  h  i  r  .n  f  <-r  i  st  i  ■  s  that  .m-  sim.Kir  t.o  those  nt 
:  i  i  ■  *  ■  ■  ■  1 1 1  nt.  at.e-<  •!  -  f  he-ar  t  ql.istt  lamps. 

Why  Sa^  j  lille  J 


iiapphire  has  many  desirable  properties  that 
m.ike  it  suitable-  tor  use  m  Rb  spectial  lamp's  ol 
the-  tyj-o  used  in  opto  silly  jumped  rubidium  tie- 
queue/  stand.irds,  Mome  <>f  these  i  I  oi  cl  t  i>.-.  n-  : 


I  . 


l'Mi-f  A  :  .«  *  v  si  nq  I  -  I  Vst  al  t  hat 
f  r  anspai  eh  t  when  p>  * ]  :  .■  i.e.  i . 


>1  ^  i-Mily 
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\  ’pi  i  a  1  I  /  ii.t'i  i  ••x-'ff  uni-  i  <xtr<i'i<-  »mdi- 


■-  ’>  *  n  t  tins  in*  s  i  1  1 1  -it  !•:; ,  water  <  a  . -thei  jmpu- 

t  it  - .  •  • ;  i  h  it  ■  »uld  !••.!•»  with  rubidium, 

i 1 !  ■ :»;  hii.-My  i  4  .  • 1  i /.<  v-.  -j/-  <  l<r 

must  il  i;  i^>r<-*rt*f  muter  i.il  that 

m.ik.  ;  it  vit  '  :uil  lv  imiri  m*-able  . 

*•  1  It  :,t  •:  t  i  ■  a  i  ,  »  iwi  ruI  and  e  It  •<  t  t  i  <  a  I 


lij'.in*  Liser  A»  ■  Lamp 

IvXper  1  wj*i-  ♦  he  '  f:  l  pot  as.,  i  iim  e-n 

sapphire  at  t.  i.-[n|<«*  r  t  u  t  ■  of  I  . '  •  -  "  ha..  been 
-  »i  t  -  i  i  n*  ■  :  us  j  -<ir  t  <  ■  f  a  j  r  <  /»}  t  ip-  *  •  ‘  •  ■  i.  'ii  I  !  .i  V  1  W , 

('Vi,  | -<^t  e;sium  vapor  ai-  j.ip.j  1  v.  e  j  r.  \  'impm-i  i 

N'i:V/v.  n  •  f mum  in i cat  j  on  ! .»:.»•  j  .  Tail--  /  'live, 

the  eh.ji  ,nt  f.;r  j  :;t  i  c:;  of  this  .*  :  imp. 


’  i  'hi  V  mat  '•(  i  i  1  with  me  1  t  i  r.q  point  nl 

;*  d  i  s.iiv  Hit  age  -d  sapphire  is  that  it 

i  ;!*  *  ••  -A'-rk  dining  »  he  lamp  !  abt  I <  at  i*.  u 

"'I.  a  si  hire  1  meat  •  •  xp»  *iis  >  v*  •  than 
:  •  •  ndarv  i  :n;  lift  anef'  because  material.. 

■  •  •  e.  .  r  ,  t  i«  t  ■  *  ml  ;  i  • 


i  r  >•  t  i  a  i  Kxj^r  it  iwe  with  .Sajj-hin 

A  ;<od  i  nd  i  i’,it  i  ( ,i.  nt  the  suitability  <»!  uap— 

;  in  1 1’  a:,  i  apr  h  s  r  ■  •- I  ]  ke  m,it  rr  i  .i  1  r:  tor  use  in 
lui-iimir  sje.-tral  lamps  .art  he  obtained  by  consid¬ 
ering  two  vry  pr  a<-t.  i  ca  l  examples  where  sU'h 
::M 1 1  r  ills  have  been  us'-il  t  e.j  .  <>nt  a  i  nment  <>t  alkali 
metals  under  extreme  cr-nd  i  t  ions  ot  temperature  am) 
pressure. 

1‘i.jh  i  l  ess-ir  e  Sodium  l  am]  s 

These-  devices  have  been  available  tor  many 
rears  and  ate  commonly  used  lor  street  lighting 
e.  1  eerier  a  1  commercial  illumination.  1  A  t  ypi---.il 
;  am|  ot  *his  type  ha:,  the  charact  or  i  st  i  <_-**'•  -H  given 
::i  Table  1.  The  envelope  is  made  of  Lucab>x  which 
'em-r.d  Kh'i  t  n  r.oir.|  any '  s  Made  name  for  its 
:  r '  i  r  i  et  ary ,  s  l  t.t  ,  p*  >1  ycryst  a  1  1  i  ne  ullur.innm 

xrie  i  A 1  i.i,)  ceramic.  buinlox  is  similar  *  r» 
:af|hir«-  in  *ha*  it  i.  high  purity  (  lV).  O'*  A1  •/'-}) 
arid  las  a  density  hm  roach i ng  that  of  sapphire? 
:.-w*-v«-r,  it  is  translucent,  rather  than  transparent, 
ml  is  much  loss  expensive  than  sapphire.  These 
1 anj s  ire  f-  rated  by  direct  passage  of  at  current 
♦hr-  ugh  r  :.<■  lam:  thereby  forming  -hi  arc  that  heats 
‘he  cor. ter  of  the  Lucalox  t. ulx*  to  •  i  100°  C.  The 
partial  pressure  of  the  sodium  in  these  lamps  is  a 
s  :  qi;  i  f  leant  fraction  of  one  atmosphere.  (The  pur- 

of  t  he  m-  rcury  —  Sec*  Table  1  --  is  to 
in  reuse  the  vo  1 1. age  gradient  ..f  the  ai  -  which 
reduces  the  i.mJI  e;»  requirements.)  Kven  with  these 
high  temperature.',  and  pressures/  these  lamps  ar*‘ 
still  .sufficiently  long-lived  that  after  24,000 
hours  (I'."’  years),  ‘-7*  are  still  operating. R  As 
the  lamp  is  operated,  free  sod  i  um  is  gr-idually 
I'.sf  ,  t  hereby  ir»creasmq  t  he  mercury  pressure  arid 
ir^d  lamp  operating  voltage.  Knd  of  lit*  oeeurs 
whe-r;  the  volt,iqe  n#-*-«)eM  t.o  maintain  the*  arc 
irc.rcises  beyond  wh.it  .an  be  supplied  by  the  power 
cur  The  meehun  i  sms  for  partial  sodium  loss  are 

varied  and  include  n-a'-'  inn  of  sodium  with  t  lie 
.  j'  ulox,  and  witli  impur  i»  i";,  in  the  I.ucalox  and 

the  e  1  eet  r  ,  ,df*S  . 


In  f  h<  •  initial  \  -h.i  r;e  of  t  h  :  -  ui'imii  ,  i  i  :  r  i  - 


■  u  1 1  •/ 
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d> -gradation  of  t  he  met. a  1  - t.o-saj.<p)u  r •  •  seals  or.  the 
•  •ndc,  of  the  lamp-. 

comparison  with  Present  App 1 i cation 

The  operating  conditions  for  the  above  t wc 
examples  (high  pressure  stxlium  lamps  and  p.t  diihiuir 
arc  lamp*)  are  rigorous  indeed.  By  comparison,  for 
the  spectral  lamps  of  interest  hero: 

!.  Operating  temperatures  are  lower  by  1  uV0*' 

2.  Alkali  vapor  pressures  are  10’  times  low-  r 

3.  Since  the  alkalis  are  less  reactive  in  ♦re¬ 
order  hi,  Na,  K,  Rb,  C's,  rubidium  is  less 
reactive  than  either  sodium  or  potassium. 

4.  No  electrodes  or  metal  seals  are  used. 

Jn  view  ol  these  large  and  very  important  amelio¬ 
rating  factors,  it  is  likely  that  the  reaction  of 
Rb  with  sapphire  and  sapphi. ro- 1  i ko  materials  (such 
as  buc'alox)  is  nil  for  a  spectral  lamp  of  the  type 
considered  here . 


Our  overall  approach  to  the  realization  of  a 
fully  operational,  long-lived,  sapphire,  Rb  spec¬ 
tral  lamp  can  be  divided  into  two  phases,  as  indi¬ 
cated  in  Fig.  1.  At:  the  present  time.  Phase  I  is 
still  in  progress. 


The  philosophy  adopted  for  lamp  design  was  to 
use  as  basic  materials  either  sapphire,  sapphi re- 
1 i ko  materials  or  a  combination  of  the  two.  Unfor¬ 
tunately,  those  materials  cannot  be  worked  using 
the  (v*‘iy  convenient)  fabrication  techniques  that 
are  normally  used  for  glass:  Sapphire  has  a  very 
-)i-n  j  ly  defined  melting  point  where  it  suddenly 
changes  from  solid  to  liquid.  By  way  of  comparison, 


class  exhibits  ['last  it  t*»huvioi  nvci  a  1 qn i !  icant 
tempi*!  dturo  r-tnqe  (usu.  lly  .’i>n°  (.’)  that  makes  it 
t.isy  to  form  usinq  a  qus-oxyqen  tor  oh.  iVc.iuKe  of 
this  "shor  t  cominq"  of  sapphire  and  sapp  *hire- 1  i  ke 
materials,  fabrication  methods  that  .n  <•  different 
than  those  used  for  manuf  act  ui  e  of  qlass  Kunps 
mu*  t  be  lev i  sod.  In  particular,  what  i  s  needed 

!.  A  method  »>t  jominq  saj  shire  and/or  sapphire- 
lik*  p  ai  tr»  t  <  »qet  her  . 

A  met  hod  whereby  the  lamp  ran  N*  hornet - 
1  ally  sealed  alter  tillinq  wit.h  Rb  metal 
t:.d  i  • :  *  t  or  .pis, 

A  single  *  •  1  was  chosen  t‘>  accomplish  both  ii* 

above  oi  loot  ives.  This  m.  t  hod  involved  usinq  a 
f  •  l  a  1  alkal l-resist ant  class  to  "  <  j  1  lie  "  the  sap  - 
’..m-  a?.:  sap  p  hi  re-  1  1  ke  j  «*  r  t  ?•  together,  ar«l  a  1  s<  to 
:  i  vi  U  a  >  i-nrs'et  l*  n  t*  a  class  vacuum  system  by 
•"real;,  o*  wb  l  di  a  1  ami  could  1  *♦  •  tilled.  The  I  un;  • 
w«  »,•  d*  siur;*  i  with  .i  -ilass  till  t.ul*-  on  the  one 
i  f  hat  v-'-uld  U-  "tipped  ot  f"  with  a  d-iK-*  -XViJen 
*  r  •  h  sul  s.'  nient  t  till  inq.  The  cross  s*-<*ti--i:  ot 
i  birp  tilled  1 1 ,  tin-  marine  i  is  shown  in  Fic. 

7b*  w:  t.d-'W  at.  i  -*nd  a:  ire  ich  "clued"  M  t  !)•■  body 
:v  i:.  ir. radar  layer  **t  M'.e  ial  a  lka  1  i  -  r  ••  .  i  st  aid 

m  h--s  t  lii  A  (not  .-hewn  in  dr  aw- 
dir;  1. if  lanes  have  also  i-eer,  made  ,,ut  ,  * 
'.idlin'  a  lose  (•■•-  V  i  * ;  t  a  1  )  --  bee  Tables  i  at.  1  4. 

■  r  icrp'se-  -  t  omp.it  im.i;  with  the  snp.ph.re- 
'•’1‘t.d  1  •  howti  l  n  Kid.  .  .,  two  qlass  1  am;  s  are 

let  i  ted  i : ,  id  i.  *:  A  re.julat  coroners i a  1  kb  lamp 
ad  a  -l;  Kb  lamp.  The  main  difteronre  in 

'-n*:t  ry  is  t  hat  the  a  11- elates  lamps  have  heni- 
:  b-r  i-  al  end:;,  whereas  the  s-ipf  hi  re- type  lamps 
hav«  ♦  -nd that  ire  capped,  nqht  cirruhij’  cylinders. 

An  t  i  c  i  [  a_t  e d  J .  i_f  o  t_i  nu  - • 

Table  A  allows  a  direct  comparison  of  dovel- 
•r  merit  a  1  sap-p  hi  ro  lamps  and  all-class  lamps.  The 
i  r?-t  ■*  -  r  t  ant.  ;  iramet.er  is  the  interior  sur  t  nee  area, 
if  :t  is  assumed  that  the  reaction  (and/or  diffusion) 
fat.  e  ot  P:  with  s<»p[  hi  re-Vi  st.a  1  i  neqli  qihlc  ,  and 
that  the  react  i  on  (and/or  diffusion)  rate  of  the  Rb 
with  the  class,  per  square  centimeter  of  class,  is 
tin*  :arv  as  tor  an  ai  1 -class  lamp,  then  in  estim-iM 
-  *  ♦  I* :  •  ■  'f  er.jt  isc  life  of  a  Sipplsirf-  lams  can  Ik* 
i*  a  ;•  .  F'r  r  •  -rivet,  qlass  1  ami  arid  a  cive/i  sap-p  hi  r>- 
lairs  ,  f;*  rat  it.  of  t  he  operatise  lifetimes  should 
'  :ua!  the  inverse  rat;  -  ot  the  interior  qlass 
;r!  »e,-  areas.  Fa  the  lb  mm  0.1).  sapphire  lamp  •  , 

Mi*-  *  per.  it  iiic  lifetime  is  therefor*-  expected  t.<  -  be 
c  •  -*  order  •  naqti ;  t  ude  qreater  than  that  <  t  an 
a  1  1 -c  1  ts:;.  lamp  ,  all  other  factors  (such  as  Rb  fill) 
be  i  r.q  »  cu  t  1  .  For  t  fie  sap>j-h  ii  e-Vi ; j t. a  1  lump,  t  he 
r  i  *  i  *  •  is  not  as  favorable  but  the  interior  area  ot 
-fl  et.-uld  --asily  be  ndu'r  I  to  qive  a  lifetime 
la  for  '  f  p.  in  t  he  next  qoner-.it  i or;  of  these  lamps. 

The  point  ire  lifetiri"  <d  a  I. imp  will  also 
lep  end  oil  it.-:  op.c-r.it.  inq  f  emp  -e  rat  ure  .  For  an  all- 
ql  iss  lamp-  op-ernMnq  in  a  vacuum,  the  t  emperat  ur** 

1  t.  fie  fr>ar.  ?  of  t  he  lamp,  where  the  iiqht.  emr-r<|es, 

■  an  ex<-e«*d  »  f.e  t  emp  -er-it  ur*  »  t  fie  t  fiermost  at  l-  a]  ly 
c-cit  rolled  f  -.I-  i»  ■  by  nearly  <.c.°  «j.  This  larqe  a 
t.  ernpe;  at  ur*  qia-iieiit  acro-.s  *  h«.r  l.imp  is  'ir.d-sir  c  b- 


Ik*  o,i  use  it  is  oxjieotittf  to  increase  si  qni  f  i  cant  1  y 
the  rate  of  chemical  react  ion  of  free  kb  with 
qlass  at  the  front  ot  the  l.unp  (any  diffusion  of  ks 
i ft o  the  qlass  would  also  be  increased).  For  a 
sapphire  lamp  th<-  correspondin'!  temp  -«*r  a  tore  qradj- 
ent  would  b<  mucfi  less,  maiidy  u-i-.tu.v-  t  he  thermal 
conductivity  of  sap-phi  r*-  j  s  ap  -prnxi  mate  1  y  y-  i  nr;; 
larqtc  than  that  of  ql.iss. 

Re su  1 1. s  t  rj  bat  * 

In  this  section  wo  present  some  pro  1 ir i nar / 
result.;;  from  Phase?  I  «»t  our  dove ] oj-ment  p  roqr-im. 

1  vr  I « >r 'inane  ■ 


Me.isurements  of  Iiqht  intensity  tor  t  :i«-  bp 
urn)  and  ();>  (7ftO,o  sm)  romm-v  line;-,  of  f-d, 
w.-re  made  for  a  sap  >p  hi  re-V  i  st  a  1  lamp  a-  :  <  op.p. are  j 
*'  •«  bPS  X'J'AO  qbis.s  l.unp-  ii.ivi  nq  tin-  s.ui-e  o,;..  i* 
Was  fouiid  tfi.1t  tdie  Iq  i  fit. OHS  1  t  •  <  r;  t  or  th"  t  ,  I  mp  : 
wer-  tfio  same  to  within  similarly  t .  -r  th«-  b#- 

1  i  a*  .  These  small  differences  i  r.  bp  and  b  mt*-:,- 

u  i  t  i  *  s  1 1  ■  i  - !  n*  <  p  r  a  •  t  j  <  j  ,  i  a:, .  :  i  <  an  -  •  .»• 
r uic  1 1 um  frequency  standard  operat  ion. 


The  sapphire- Viutril  lamp  was  also  ••  ».; .. »r •  ■  i 
wi’l,  t  hr-  i  ;PS  -ill -qlass  lamp  bv  ;  lar:inc  -  i  h 
•  •  :ue|;t  j  al  ly  t  in  the  same  •  ,p  -» ■  r  ltinc  rub;  ticri  t*.  - 
I u ■  •  1 1 < " '  st  atidard  (KfraLom,  Mode!  Fk.K )  .  The  !•: 
i-  •  -sauce  sitpnal  for  the  s.ip  pl;i  r< --V  i  st  a  !  1  ,-ip  ;. 

I-  ::  !  Mi  •  .»•  ( ,t,  l.oqor  than  for  the  'a:;  cl  •:  •  i  an;  . 

TPi.  s.ii-phir*  V’stal  lamp.-  }  ’’nqim-d  )  !t,|f'  1  ;  ; 
!:--iU'iicy  (dl’fk-t  in  till.-  ut.it,  r  e  1  a  t  i  v  -  to 
1  •  /  *  t  4  1  x  10”Jr.  These  variations  ar<-  -  d'  mi* 

<cde;  c;  these  normally  (■tinmMi-ro.l  ?ot  :;?t-  i-c* 

'  •'  b  ••  from  the  same  p»r<  iuct  ion  rur.  and  .,r-*  : 

ti**  practical  imp.ort.ance. 

Tt  ;•  •  short-term  t  re-pu-  ncy  stability  (Allan 
V'ina;.  -  )  d  both  stpphu'.*  .ltul  su[}*iii  re-Vi  .Ca  1 
bimi/s  was  measured  or  iveiaqinq  time**,  of  i . ci  i 
so  Hid  eomt  ai"'  >  qlass  lamp-s  in  th<*  sam*  ;  ■  -  - 

queney  It  U.d.irds.  Tile  di  ft  'ireliCf-a  are  snail 

-il'  h'-uu:  '  1-irqer  -b  aia-.-tei  sat  p  h i  re  lamp.-  (la 

loes  -mv  uli'd?  bet  t  or  result  .  t  h  jo.  *h«- 
:  =ap  p.-hj  re-Vi  ::t  ii  lamp  (•>  mm  1 .  D .  )  ,  ;  r«* a-.imaidv 
be.,  au-..-  of  t  he  larqer  winlw  area  of  the  loirn*  t. 

: -.n<;-t  i.r  -  «lr  i  :  t  v.ms  al.  •  measur- --i  f<.-r  both  a 
il  ‘f’-  -i-’i  !  i  a--  del  l  ;ee  l«.b-w)  sap  s  ti  M  .  -  V  i  st  a  1 
b  :-ij  .  Tfu-  results  art-  show;  i :;  Fiqs.  1  and  :*. 
-hidqmq  fr—a  r  ties-,  ilots,  c<..t.-d,  ::-ij  i  h  t  r  e-  I  i  ke 
1-irt;  exhibi'  s  S'-iious  lonq-f*  rm  d*  ;  m  . 

Al  ot  ouno  i'M 

As  tequr  is  tho*  «*j » -s  it  i oruil  an-1  lunrt  nm.il 
ci.a  i  a  -t «  i  i  st  i .  s  i  ■ .  f  i  i  r  e  1-in. ,  »  we  i  is  i-i 

b'.r,*  '.in  hav.  -ai  ;.i-,  i  dome  on  lev*.- 1 .  >p  nu  ut  a  1 
procrar.  The  first  .  .  the  qenetatiot.  •  :  -m  and 

the  coiicm  l  i  nt  ;  or  mat  ion  of  an  unwanted  thin  rilm 
on  the  outs  id-  -t  t’n«*  lamp  .  The  second  is  son*  - 
times  .  1  uqqi  .‘■•.h  lamp  icnition. 

ifi-n<  r  iti<>!i.  i-lxp'-i  i merit,  illv,  tt  is. 
M{j*Ji-r*«'(!  the  ■  iqni  *  i  -m(  quant  it  i*  ••  oi  even*'  (•  m) 
aii  i  r  - 1  *  ait  : ;  i  de  a  a|  j  li  I  re  I  .imp  •  dui  1  i.c  op ».  i  a  - 
tion  and  M.S  tfu  pt‘-.e*i  .  ({  ;*.niie  is  a  soeiat,-: 


wit!:  'I..  :  1  tM'iii  i  1  qe  t  h«  •  lamp.  'Du-  most 

lik-ly  morhanism  for  production  of  ozone  is  ultr.i- 
vi  l.  ♦  (UV)  }>hot orii  :-;st>ci «»t.  ion  of  oxyqon  in  the 
u!  i  -  und  mu  ui  l.\  l  IV  liqht  f  i  om  the  lamp  aecord- 
i:.  :  f  t  h<  i**acti  -n  i- |U.it  i  on  *  * 

*  ■  -»  '•  V  (  .’4a  nni)*^  Oj. 

'.  •  ?  iv  i  ■  ■  1  •  '  li'jl.t  |i.-du-.<*d  if;  tlit'  *  lasma  d  i  hrirq.  ■ 

:•  :  •  .  i  1 1  1  .  t  Mi;  ::ii.i  tfd  fy  tin  sapphi to  '*nv**loj* 

:.a  •  nr*  1 1  ar. smi  rss  i  or.  .it  24(>  nmi.  on 
*  •  •  •  t . •  r  L.u.i,  ‘he  ahsen- < ■  1 r'  of  ozone  and  (by 

li  >•  i  t.'  • emission  from  a  ql  i:»«;  I  ..imp  may  be 

i‘ *  :  :1st,  •  ’be  ne.il  ly  romplote  opacity  of  gins:; 

V  .4  Tim  a'  •  U  -  low. 


Fi  If  '  ■  :  ■  1 1 .  After  operation  of  a  sapphire 

lam;  ;.a  -  {  days,  it  is  observed  that  a  thin 

!  i  In  *  o r tt. : •  t  h*:  outside  of  the  sapphire  window 

,a:.  i  il-.o  t  ho  side,  of  the  lamp,  whether  they 
:e  ; .  j  la  i  e  .  a  Vifd.il).  This  film  has  the  follow- 
;i.  i  ;  rop  r'  s-s:  (1)  Thin  (interference  colors  are 

;  resent  i;  ( '  Transparent  -  translucent;  (3)  Granular; 

ll  I i.i 1 1 i ;  ('•)  boos  not  damage  sapphire  in  any  way; 

(*  *  >t.  ,;.  ia{pe<i  off  window  with  a  sharp  knife; 

(.»  1  * ; :  lemived  with  hydrofluoric  acid  (which 

lies  n.  d  id.r'k  sapphire);  ( B)  After  removal,  film 
reforms  iqun  during  subsequent  lamp  operation. 

■  ex.r  •  mechanism  by  which  this  film  is  produced 
i:  l-.'r.n  v.:.  mu’  in  view  of  (5),  above,  it  is  clear 
‘hat  :♦  must  be  due  to  material  transport  from  the 
;  am;  mji  r  ound  i  tiqs  to  the  lamp-  itself.  The  most 
lik*  ly  t ossibi 1 it ies  are  reaction  of  ozone/UV  with 
n  » t e ►  i  a  1 : ;  m  th«*  immediate  vicinity  of  the  lamp 
(e.q.  Ik- Inn  AF  of  r  ‘  coil  form,  mica  window  on 
lam;  even)  and  subsequent  vapor  transport  of  the 
reaction  product  to  the  lamp  surfaces. 

Possible  Solutions.  At  least  two  different 
solutions  to  the  above  problems  are  possible: 

1.  Operate  the  lamp  in  a  vacuum  and  use  only 
UV  resistant  materials  near  the  lamp. 

2.  I  ut  a  eoatinq  on  the  outside  of  the  sapphire 
envelope  that  absorbs  UV  radiation. 

For  lamp  operation  in  space  (that  is,  in  a  hiqh 
vacuum  environment)  oz.ne  is  absent  and  only  UV 
radiation  remains  as  •*  potential  problem.  In  this 
-iso,  part  of  solution  (1),  above,  is  automatically 
implemented.  The  problem  of  findinq  materials  that 
exhibit  lor.q-term  stability  in  a  UV  environment 
remains  (actually,  the  extent  to  which  UV  emitted 
from  the*  lamp  is  a  problem  has  not  yet  been  estab¬ 
lished),  bu‘  t  h.*  r**al  drawback  o*  solution  (1)  is 
that  .my  testing  >r  use  of  the  lamp-  in  air  is  ruled 
.>ut  >mp  I  et  <  1  y  .  For  these  reason:;  we  have  imple¬ 
mented  solution  (.»)  whi.h  w<  feel  to  Ixj  a  much  more 
it  i  .  f  i  t  u  y  overall  solution  to  the  ozone/UV 
r-blom. 

Results  It/i  boated  Lrimp.  We  have  developed  a 
method  of  Ixmdinq  a  thin,  stable,  inorqanic  eoatinq 
t‘  sapphire  lamp.  This  eoatinq  material  is  trans- 
i  t.ci  neat  infra  red  and  visible  radiation  but 

-ir  tu.il  ly  *ij.rrue  to  UV  radiation  (below  240  am). 

Sr  tar,  we  have  ap»p  1  led  this  technique  to  one 
.  q  j  h  i  r  •*- Vi  *>ta  i  lamp  and  have  tuirrioii  *>ut  various 
t  r  < ;  !  -t  e  rm  l  ne  t  h«  ■  •  • !  i  i « •  i*  v  • . !  t  h  • :  eoatinq.  The 


r  esul  t  s  of  t  he . »e  t  t  , 
(  1  )  No  <  r/.t  >i«e  j  ..  i  *rodU: 
(2 )  After  six  weeks  "t 
ev idence  <  t  t  hi n- t i J;n 
served  for  an  unooatod 
drift  data  f< 
ab  le  re  l<.t  i  v* 


may 

1  K 


be  summarized  as  f <  1  lows: 
ll  '  by  the  coated  lamp; 
lamp  operation  there  i  r;  no 
ormation  of  the  type  ob- 
lamp;  (3)  The  long-term 
this  lamp  (Fig.  4)  are  quite  accept - 
o  q  1  as : .  lamps  (Fiq.  5);  (4)  The 
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t  erm  s' 
ompa ruble  to 
lock  . 
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\  hat  f  oj 


c  1  o'  -k 
SPS  qlc, 


iinq  th: 
>  1  am}  -  . 


1  am} 
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Sluggish  Ignition.  After  filling,  and  upon 
operating  for  tin*  first  t  ime,  l*oth  sapphire  and 
sapphi ro-Vist a  1  lamps  i quit e  instantly  f rom  a  col d 
(room  temperature)  start.  However,  when  a  sapphi re- 
Vistal  lam[j  is  operated  for  awhile  at  normal  oper- 
at  mq  temperature  {  '  11b°  C)  ,  subsequent  reigriition 

from  a  cold  start;  is  sluqqish  and  up  to  several 
minutes  are  required  after  lamp  oscillator  and 
lamp  oven  turn  on.  (For  an  all-qlass  lamp,  the 
ignition  time  under  the  same  conditions  is  a  few 
seconds.)  The  "all-sapphire"  lamp  (entry  No.  2  in 
Table  3)  has  also  been  sluggish  on  some  occasions 
and  under  certain  circumstances  but  usually  this 
lamp  ignites  instantly  from  a  cold  start.  In  no 
case  has  a  sapphire  or  sapphire- Vistal  lamp  either 
failed  to  ignite  or  ignited  in  the  wronq  mode. 

A  separate  investigation  has  shown  that  a  sap¬ 
phire  lamp  can  lower  the  Q  of  the  lamp  oscillator 
tank  circuit  when  the  lamp  is  cold.  This,  of 
course,  will  act  to  inhibit  ignition  (see  below). 
Since  sapphire,  Vistal,  and  glass  by  themselves  do 
not  measurably  affect  the  Q,  this  result  suggests 
that  a  conductive  (invisible)  Rb  film  may  be  formed 
under  certain  conditions  on  the  inside  surface  of  a 
sapphire-Vistal  or  sapphire  lamp  that  makes  the 
lamp  lossy  in  the  rf  field.  Rubidium  film  formation 
could  reasonably  be  expected  to  depend  on  the  ther¬ 
mal  design,  environment  and  previous  thermal  history 
of  a  lamp,  thereby  possibly  explaining  the  diversity 
of  observed  ignition  times  for  different  lamps 
under  different  circumstances.  The  reason  a  slug¬ 
gish  lamp  ignites  after  several  minutes  is  due  to 
heating  of  the  lamp  both  by  direct,  unintentional 
rf  dielectric  heating  of  the  envelope  (lossy  film) 
and  indirect  heating  by  conduction  via  the  thermo¬ 
statically  controlled  lamp  oven.  This  heating  can 
conceivably  produce  ignition  in  either  (or  both) 
of  two  ways: 

1.  Since  the  ionization  potential  of  Rb  is  only 

4.2  eV,  compared  to  '  15  eV  for  the  buffer 

gas,  vaporization  of  Rb  metal  lowers  the 
value  of  the  critical  rf  field  strength 
needed  for  ignition. 

2.  Heating  of  the  lamp  envelope  may  vaporize 
the  conducting  film  on  the  inside  surface, 
thereby  increasing  the  Q  of  the  lamp  oscil¬ 
lator  tank  circuit.  This  would  then  act  to 
increase  the  rf  electric  field  available  for 
ignition  inside  the  lamp. 

It  should  be  noted  that  these  phenomena  are  not  yet 
well  understood.  More  work  needs  to  be  done  in 
this  area. 
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The  only  d  i  sadvant  age  <>r  s  luggi  shm-ss  th.it  we 
see  is  that  it  might  place  a  limit  i<n  how  rapidly 
a  clock  can  he  warmed  up  from  a  cold  m  t ,  i  r  t  .  (Far.! 
warm-up  is  of  no  concern  tor  the  c.l'i*  I’u'^iaro.  ) 

Even  this  may  not  ho  a  problem,  though,  : >«-.  an?..-  f  h«> 
warm-up  time  of  a  glass  lamp  is  consider  tl  !v  longer 
than  its  ignition  time.  For  both  glass  an.;  -.apphir- 
lamps,  the  lamp  is  not  warmed  up  until  id  i..  1st 
enough  to  give  a  vapor  pressure  .*1  Rh  that  <  in 
produce  sufficient  Dp  and  Dy  radiation  for  optica] 
pumping.  Whether  or  not  a  lamp  ignites  prior  to 
this  is  of  little  importance.  Also,  it  should  be 
mentioned  that  the  test  fixtures  that  we  used  in 
our  igr.it  ion  tests  were  not  designed  foi  rapid 
warm-up.  If  special  rapid  warm-up  test  fixtures; 
had  boon  used,  it  is  likely  that,  sapphire  lamp 
ignition  would  have  oreured  sooner. 

Life  Test i nj 

It  is  not  an  easy  matter  to  conduct  meaning! ul 
acre  lor  it ed  life  tests  on  a  device  with  an  ant  u- 
ip'atod  lifetime  in  excess  o!  ]i)0  years.  This  is 
especially  true  for  t*  loot  role  less  discharge,  Kb 
spectral  lamp's  because  any  .it tempt  to  stress  the 
device  car.  change  the  operating  conditions  t-  t  he 
pr  rd  where  the  failure  me.hanism  is  ’hanged,  there¬ 
by  invalidating  the  testing  process.  For  rubidium 
spectral  lamps,  where  failure  occurs  due  to  loss 
of  free  RL,  an  ideal  testing  method  would  allow 
non  destructive  measurements  of  free  Rb  to  be  made 
as  the  lamp  was  operated  under  normal  ondi f ions. 
Fortunately,  such,  a  method  (>:>i lor  imet  i  i c  method) 
is  currently  available  (see  :.»<  low). 

Based  or;  life  f.-st  results  obtained  tor  glusf 
lamp-s,  we  ar.t  ; ip '.ite  a  rul.1d.1um  consuirp ■!  i  n  •  t 
S  ..g  luring  the  first  year  'd  oporat  hi.  of  i 
sat  phi  re  burp-.  This  is  it.  .t  i’iit  ir.tt  t«  the  '  - 

;g  f '  f  Rh  :orr.:umed  during  The  fir;.*  fe  w  day;-  ■•* 
operation  by  a  t  ami  riants  :;u  r.  an  wit.r  vapor  that 
are  initially  present  in  *  he  Lamp  ("dirt  etje.  t"). 

The  ,>  p  a  imet  r  1 '•  not  hoi,  suggested  by  K.  .. 

ir.d  i  re;.  -idly  it.  use  a*  The  Aetos} a<  e  g  j  >•■  •  r  at  i<  .n , 

:  <  ,'i  !e;.  t  l  tl<  t  1  ve  1  V  let  ormi  tl*:..  *  tie  aPtoill.t  <d  free  Rb 
metal  i  n  a  limp  .by  ne  i:  ur  i  t.g  the  L.  «*  d  ’i.aMi  •* 

Rr  met  a  1  at  the  melting  point  (Pi.'.-’  )  .  ;;<•  fir, 

measur  ement  s  Lav  i*ej.  art  led  .  >u*  using  two 
:  l  f  ?  e  rent  models  of  i’erVai.-Umd  In !  f  e  r  eid  \ .» 1  fv  m- 
•  i  r.g  'il  r  j:*.et.  r;  f  I  •: ’t ' )  .  The  Model  pgr  ir  allow:, 
m*  as  ur* ‘merit  -•  *<■  *('•*  ■*  b  ,  g)  ,  *  y  p  : '  all  y ,  whi  I » •  »  he 
Model  LSC  I  n  albwfi  f 'H  ♦  1  ..g  ♦  yp -1  •  a  1  1  y  .  1  ‘ 

'‘sing  this  type  of  instrument,  u  t  yj  ir.al  ( s  i  mp  ■  l  i  t  i  e.  i) 
life- test  so-K/ir  i'  might,  proceed  as  foil  ws: 

i  .  shor t  -  f  r  1  1  n.ij  p  h i  re  1  .imp  with  4  * .  •  ’  »  . . a 

o  f  Rb . 

Measure  initial  !ree-Rb  fill  u  mg  l II 

i  f  t  -  i  t  1  [ •  c  t  ■  d  1  u*m  •  :  ut  be ! '  '  -  ■[  «  t  .»  i :  i . 

i.  -tin  limp  it  :  under  le  r.  ;  :♦  ,• 

i  •  a.d 1 1  ions . 

4.  After  100  hr*.  >:  ■  p-erat  ion,  feme  a  nr* 

free  Rb  to  determine  amount  of  Rh  orisuir.od 
by  dirt  effort  (.  Xfe-.ted  to  b<  /* 1  -  3'  1  l.J 

h.  Depending  on  iriiti.il  Rb  till  quantity  and 

the  exact  amount  <  t  kb  consumed  by  t  h«*  dirt 
effect  ,  pi  -  r,l)  ;,g  d  I  re»*  kb  should  be  left 
for  the  actual  life  test  (one  year  duration;. 


Thi  .  quantity  of  free  Rb  should  allow  in.  a.ur emord 
uncertainties  of  *  M  j  g  l*-ss.  This  would  allow 
measurement  of  a  *>  ,<g/yeur  eonsumi  t  i  on  rate  »•  ♦  j  * 

or  bet  ter. 

I'M*  d  the  Pei  k  i  r  i  —  1 luiei  pgc  II  .h'Ubi  there- 
tore  give  sufficient  r  1  ijt  i .  r.  'or  me.  j-.ur  emen»  * 
the  true  rateot  tree  Rb  '  or.  sump  t  i  -  a.  i  n  j  up. p  bin 
lamp  (exclusive  of  !irt  effect)  p-rovi  I'd  r  h  it 
i  ri  i  t  i  .i '.  Rb  fill  .  an  be  kept-  in  *  he  r  »r.  r»  •  •  ; 

7  i  g .  Th  i  mi*  .  i  ■  t  ■  :  i  •  ■  •*  ‘  .  /•  .  : 

:  n  *  nt  ro  I  1  i  r.g  *  1,.-  Ri  f  i  1  1  ■ .  -  f  1 .1  •:  l.inp.s  . 

Fu_t  ur  e  Kf  fort 

I’hase  1  future  .-tfort  should  )«•  directed 
toward  opicrat  ion«»  1  ♦e-.ting  r>i  additional  sapphirt 
latPii;  t...  incriMse  tin  present  data  !  a  si  ,  esp  e-  lally 
for  t;oated  lamp's.  Ad*J  1  t.i  .ana  1  investigation  of  »  in- 
sapphire  lamp,  ignition  jroeess  should  also  !*■  c*f,- 
<luct«'d.  r,nce  an  operut  ional  ly  satjafa*  tory  l  amp  i  :. 
chosen,  accelerated  life  testing,  in.  luding  the 
id  glass  lamps  as  controls,  should  begin.  The 
methfxl  omployod  should  make  use  of  short-*  ill  te 
tuques  and  differential  scanning  calorimetry  for 
nondestructive  measurement  of  free  R:-. 

Cone  1  us  i  oil ; ,  ,n  k  1  .  ;umm  ar  j’ 

Based  on  the  practical  exp-er  j  en<  ..f  .  <t.  h«*rs 
with  sapphire  and  sap  ph  l  r  e-  1  i  ke  material;;,  and  ..ur 
own  .-xper  i  merit  a  ’  r**sults  on  sajp>hire  lamps  for  use 

Rb  !  r  .;-;uency  st  utidurds ,  we  can  draw  *  he  f.  .1  low¬ 
ing  preliminary  ■.•one  l  us  ions: 

1.  React  ion  (including  diffusion)  <d  free  ri 
with  ‘>app>hire  and  sap.p-li 1 1 *  -  1  ike  materials 
( l.uca  1  ox ,  Vistal)  is  exp.ected  t<  f^-  nil  for 
the  operating  conditions  encountered  m  Ri, 
Mj-’ctral  lamps  of  t  he  type  used  in  rubidium. 
atv>mic  clocks. 

.  !k-vi.duj.wnt«il  lamps  have  been  built  using 
special  a  1 ka 1 i - resi stunt  ilass  "glue"  to 
join  t  he  sap.p'hire  and  r.upp'hi  re-  1 1  ke  p»arts 
together,  ami  to  provide  i  convenier.t  means 
•d  filling  these  lamps  with  Ri.  metal  an  i 
buffer  gas. 

Thi-se  lamp's  (both  sapphire  and  sap  phire- 
Vistal)  are  operationally  very  similar  to 
state-of-the-art ,  all-gl.iss  lamps,  ar.t  pro¬ 
vide  comparable  p»orf  or  mance  when  used  it,  a 
rubidium  ftortuency  standard  in  ;  he.  > }  a 
glass  lamp:-. 

•  .  Fiased  on  simple  arguments,  the  lif.dime  <  ; 

t.hes«*  Limp**;  is  ant  i*'  i  p>dted  to  >.«  .  td«i  ; 

magnitude  greater  than  that  <d  a  rlass  lamp  . 
This  corresponds  to  a  lifetime  in  ex-  ess  f 
1  Mi  years. 

These  lamp*,  emit  rv  r  adiation  ;n  Mil  !  n-u-h’ 
amounts  that  "/mu  is  generated  when  a  lamp 
.'p -orated  in  ait.  This  "Zotii’/i'V  inti-r- 
actmg  with  material;  surrounding  the  bum 
causes  a  thin  1  i  ltn  t«>  form  by  vap*<g  l  i  »ns- 
|-ort  on  f  he  ..u*  side  •  !  the  lamp  after  ( 

lays  of  .  >pe  »  a  t  i .  >i  i .  This  p  •  -b  b -m  ,  .in  1 » ■ 


/,.i 


1 


i !•  I  i  m  i  i  .»*  •  i  l  y  ht-ndm-i  a  f!m.  ii:<  i<|.inn' 

-.iMti-i  to  t '■,*  .'Ut  ;  1 1 1«  •  •..{  r  hi  lain]  tli.it  is 
•[  i.illr  t,  "V  l  ilt  t  r  it::.]  .IT  i-!:’  !<■  the  Rb 
t  >  •••Hi-.  t  -  id  l  - 1 '  1  >  >t  •  1 1  j  Hi-  ?  I '  i  l!i'  s)  . 

.  . u”!  ;  •  i  t  i  > i  *  r .  rn  a  •••ill  :  *  .it  '  1  <  ■  r  t  In • 

.  i[  ]  j. .  :  •  -  V  I  S  *  a  1  l  ajllj  •  is  >  !  U'H  1  :.h  •  itm  >Uii  *  l  If! 

*•  . i-  :*m  1:  is  si -vi-T.il  m *  nut  * ■ : ;  {<  <  >mpa»  ed  t  <  • 

:  .i  -  -  I  .•  Is  !  - -T  i  :1a;, s  I.tUlp).  Oil  tin*  ot  hi?!' 
hand,  the  "  a  I  1  -  sap:  h  i  r  «• "  lamp  usually  ignites 
i  r . ;  t  iMp.  .  r i ■  l  am]  has  <v*-i  tailed  to 
i  < it;  i  •  •  i  v  i  s  , •• 1  ; t  i  .  w t  •  •? i- ;  rn*  « ii • ,  urui  Im  ,t  h 
*  .  *  !  i;  i{  ignite  ii:st  itit  |y  win's  lu  t  . 

il  i-  ’ «  hr.-  I -i.r/  I  .ilnr  iru-t  rn  m*l  slv  at  -  1  i  1  1  ) 
i  .  ii*  ly  iv  u  l.ii  lr  t«>  ■  <  ,i  i-  lui  ■  t  ono-y  •itr 

i  •  ■  1  •  ■  t  a '.  *  ■  i  i  lit**  tests  <-n  those  lamps. 

Ij'niu  tics  modi' Is  of  sapphire  lamps  .no  pos- 
•ill  iy  !  up  > . 
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i.y  Rockwell  International  using  Ef ratom-suppl led 
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CHARACTERISTICS  OF  COMMERCIAL 
HIGH  "PRESSURE  SODIUM  LAMTS 

•  C onst v ixc-tion.  i  -  GE  LucolIox  envelope 

-  tu^sTtvs-  cUc-brodes 

—  tt’ioioiuwi  shells 

several.  sodium 
+  wcxoxr  y 
+•  stdlrtma  A&-S, 

•  Gpeyatma  te^Aycyatw-^e  ;  ^  1100  C  at  ce^tetr 

•  ^>oduu*vA  y«t  siu./e :  -fyattuavv  1  a.t*v 

•  Oper-ati  v\<^  ^owty  :  50  W  tb  1000  W 

•  Meo.n  operatic  :  28,5  00  Krs  (3^-  yys) 

•  Fcu.la.ye  wvode.  :  “p^vtial  loss  so<ku-vv\. 

CAP:-  :,  *  1 1  ■  i  r  •  *  t  •  r  l  t  l  :■»  l  •  .tnmem  a  1  hiqh  pressure 
i  ur  i ami  s  . 


CHARACTERISTICS  of  a  cw' 
"POTASSIUM  VATOR  ARC  LAMP 

•Constnu-ctAon  :  - sa.|>pV\i»-e.  envelope 

-tungsten  elecEnaeies 
~  Ko</ar  aFoy  end  aeals 
- -fill  ~  s evenal  vo  ■po‘att,iUM. 

1  j 

f  meet  stavtin^  ao-S 

•  Opeva.tu\Oj  t e.vw-ptvoTixv'c- :  -  1100  °C  a+  center 

•  "PoTdssvunv  p^cisu/e  :  ^vavLon  of  1  atw. 

•  OpivoTn^  'powev  :  ZSO  W 

•  OpenaLno  l>feti»ne,  .•  —no  li^kt  output  deoease 

afte.n  3  000  kns  (4  <no) 

—  so»ne.  stiU.  opendtiu^  b«yo«d 

10,000  K/s  ( >  I  yvj) 

•  Rxdune.  Mode.  :  oxidation  of  Metal  end  seals 

oau-Ses  cuv  lea.W_ 


TftPT.F.  .  ''haract  enst  i'*s  ot  a  CW#  pot  a.ssiuir  vapua 
arc  lair.;  . 


MATERIALS  OF  CONSTRUCTION) 


Lfl-Wp  Type.  1 

.  .  , 

Construction.  Ma.Tena.l_ 

WmdoiA/ 

"body 

Er\d  CuJlY 

S«vppL*c  -V ista.1. 

sappHirc 
(optically  -flat, 
-pc  listed  ) 

VisTa.1 

Vlstal 

Sa.ppbme. 

same  as  aiove 

Sevppbire 

(transparent^ 

as  grovun) 

sa.ppkire. 

(unpolislocd-  - 
-f-rDSltd) 

Note:  ALL  Lamp  use  special  «-LkdjL- neSistant  ^Lss  To 
"glue”  sappWe  ^  sappWe-Eke  pants  •toaetUe'r 
and  -to  ^x»vvw  tip-off  7  at  reax  of  la.nn'p. 

TABI.K  i.  Materials  used  lm  • -oi.st  nn-t  imi  <d  sapphin  a:  i 
:,apphi  r**-  Vist  a  1  lamps. 
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LAMP  GEOMETRY 


Lamp 

0.  D. 

Volume 

Interior  Surface  A 

(mm) 

(ex) 

Glass 

j  Sappkme/Vist».L  ] 

(Total 

C.oDv'Mcrct.at 

6  Lass 

10 

.96 

S.l 

0 

S.l 

GPS 

mo  GIass 

9 

75 

3.6 

0 

3.8 

^flLppWe. 

10 

■16 

■  t 

S.fc 

6.0 

SappKre  -  VistKl 

9 

•  61 

.6 

3.9 

TAHI.K  4.  •  *•< 

irr.fi  r  i 

(Ml  il.it  M 

for  <jl< 

iss  and  sapphire 

lamps . 

SATTMlUE  LAMP 
DEVELOTMEMT  tpogham 

PKo.se.  X 

•  "Bu..ld  lawps  of  d>^fere».t  desi^ias 

•  Test  oe  <X\ Ad  compare  vaj.-Hv 

a^Iass  lo.wvps 

•  Modify  desu^os  as  required  ard  retest 

pKftse  1L 

•  Select  JpjKaj.  descoysCs) 

•  Tuudd  layups  -^V-y  I'f'e  tisteev^ 

•  CoeduLct  av'e-v&o.r  ocacelev-atedl  dfe  "tests 


S  A?T>  (UKE  -  VISTA  L*  LAMP  COWSTR.DCTIOU 


After-  FyUie^. 


GIass  t.p-o^f 
(sfttui  aikaU- 
reSisWt  aUss) 

■J 


SappKi/e  u/iiK<icw  - 

OptvCAlly  fUt  4 
policed  (t'ra*spejrenti) 


Vistal  bexl'j  (C-h-calIav  tube) 
VisU.1  e*<i  cap 


AftMr  ^ottuKn 


0. 

Vistal  =  Coots  Cfcra»vncs*  version.  of  6Es 

LutaLix  ;  <l  ‘trAnslueent }  'polycr^steHme, 
StippVure  -  ItWe  material 


FIGURE  2.  Const  rurt  ion  detail*;  for  sapphi  re-Vi  st  si  1 

1  .imp) . 


M4 


glass  lamps 


Covw*v\<vc  ia.1 


Lamp 


GPS 

Lamp 


FREQUENCY  DR.iFT  FOR  COATEE 
SAT?  Ml  VI  ,'T.Hl  1AMV 


FREQUENCY  ERIFT  FOR.  OLA^S  LAWTS 


"RuLuHiam  Fmqu.ev'f y  Sta*da*a 

Model  FRR,  %'N  ROfcR 
2.1  Merck  1961 


n 


^1  onW. 


2  ¥  4  6  /C  /2  It  It  /«  •?»  if  if  it  30 


Co*"«Me^c  ia 
GlftSS  Lftr-T1 


G?S 

Gl*ss  La**? 


1  ?HK  '•  •  U»nq-tvrm  drift  pit 
ustnq  qlass  lamps. 


for  rubidium  f  ’ 


Mf) 


st  ambit  1 


f 


h.  iMh  Ann.  I  reu  ( ont.rol  v-yi'i|xr.  i  mi' ,  I  iSAf  HAUC.OM,  ft..  Monmouth,  fj-j  07703*  May  19?il 

A  MIN  1 A1UKK,  HK;H-I‘KKF()RMANC:E  rubidium  frequency  standard 


Toshio  H.ishi,  Kazuharu  Uhiha,  arid  Chikao  Takeuchi 


FUJITSU  LIMITED 

|l)Ir»  kam  i  kodanaka ,  Nnkaharn-ku,  Kawasaki,  211,  Japan 


Samma rv 

•\  i  n  i  a!  .it*- ,  .'riUT.i  I  -  j«ii';msc  rubidium  gas 
.  .  r  t  .«}.:•  n  t  v  standard  lias  ;*.»rn  dr  vr  I  oped  to  moot 
t  be  ■ -v*  v -  i  ik  to  a  s  i  Tii.-  needs  fn  •>!,.(  mion  os  rill  a* 
t-i  -  .1  a  wide  variotv  ot  app  i  t  .a  I  i  ons .  Presented 
:n  tilt*,  pap.’t*  ar«  t  ho  design  concepts  and  per  for- 
:u.m>  *  o:  arac  t  o  i  »  s  t  u:s  ot  this  now  I  /-do  vo  1  opod  In1- 

•  ]  i  io  p  *■  v  standard. 

!  ho  now  r  ib.dium  frequency  standard  embodies 
!’’ o w  rioi  trie •!  1  .i:ul  structural  design  toaLurrs  and 

■  :npj  o  votnon  i  s  ,  ‘.-tell  as  a  itu  n  i  at  ur  i  zed  2-coll  typo 
•pt  :  ;  a  i  -'in  c  rowavo  unit  without  a  liltor  coll, 
adv. mciu!  '•or  .M-o  ]  i*(  1 1  i'ii  i  c  s  employing  a  number  of 

.  -t  ogra  t  oil  .  i ’-i  uts  an<l  simplified,  fabrication- 
oriented  structure  with  a  ni»t  ho  r- boar  J  and  plug-in 
;  ih  assemb  I  i  e», ,  The  m :  a  i  at  ur  i  /.at  i  on  of  tin? 

;-t  :  .  1 1  -ra  ••  t  »wi  vo  unit  has  boon  accomplished  by 

■  !i  ruinating  the  t  i  1  r » ■ :  cell  through  the  use  of 
•it  .v.i  !  rubidium  in  the  resonance  cell  instead  ot 

kb-rt/. 

\ i  ji'siilt  ■  J  I  he  so  features,  the  new 

•  Jv.  ■:  it:  trojjuoiKv  standard  lias  small  volume  (2 
.(•!>’,  .giit  weight  ^  kg  1 ,  and  wide  operating 

t.  rje  rat  n  range  i-.'u  1  to  +00  l  ). 

A  .rt:--.  .  :  m.- jsur  ••merit  s  has  been  made  to 
•  •.  *  j  tor./.o  :  io  por:  ut-Mnce  of  the  new  rubidium 
.•  (  nviard.  In  pi  to  ot  tli«*  substantial 

■  1 1  ;  it  has  o.<hihito<I  excellent 

cm!  •"  >:  *.  -  t  •  r  tr  *.  t  ah  i  1  ;  f  ••  <  ■  <mpa  ruble  to  t  ha  t 
:  ■>  l.irpo:  rubidium  i  requ*  u;  y  standards 

■  -U  oi.de  *  :  •:  ul'U.lf  irv  use,  a  id  I  ”  1  Ut  .  1  y  high 

v.:  t;i’i<  :  i  *  ahil  :  t  *.  unde!  extended  operatic. 


lut  t  oduc  t_ I  Oil 

At  •  ar: i  '  ’•  ioiu  .  indards  are  no  longer  used 

:  .  .iir  h  !  a1  oral -a  i  os  exclusively.  Thev  have 
••adv  '  su.d  roan\  applications  in  the  field  and 
•■.for*.'-  lev-  icing  ;  o',  isiiin  frequencies.  In 
u-au,  t  uh  i  1 :  -  *»r  :rt--.-.-ncy  standards  were  developed 
:  !•..'[  ;  he  1*  nai'N  tor  precision  oscillators  in 

ii::rr  iii  s  1 1  .  oils  ,  broad,  ast  i  tig,  and  precision  mea- 
:  ror-i'ii :  .vNtems.l  f  u  a  decade,  FUJITSU  has  boon 
ri.du.  leg  lubidium  frequency  standards  in  several 
wh . :  ii  are  now  i  r  practiial  use  as 
7  ind  ■  lock  sources  in  systems  such  as 


digital  data  networks,  and  FDM  communications 
syst ems  .  *•»  1 

Most  of  today's  applications  for  atomic 
frequency  standards  require  a  high  degree  of  fre¬ 
quency  stability  and  compactness  for  ease  of 
transportation  and  installation.  Our  continuous 
effort  has  been  directed  toward  volume  not  much 
greater  than  that  of  high  stability  crystal 
oscillators,  and  high  performance  level,  which  are 
genera  1  I y  i ncompat i b I v . 

In  order  to  achieve  a  compact  design  of  the 
rubidium  frequency  standard,  it  was  necessary  to 
reduce  the  size  of  the  conventional  opt i ca 1 -mi c ro~ 
wave  unit,  which  accounts  tor  a  large  part  ot  the 
volume.  The  use  of  a  2-cell  type  opt i ca I -mi c ro- 
wave  unit  without  a  filter  cell  was  expected  to 
serve  this  purpose.  Preliminary  experiments  on 
the  opt i ca 1 -mi crowave  unit  suggested  the  feasibil¬ 
ity  of  using  inexpensive  natural  rubidium  in  the 
resonance  cell  to  eliminate  the  filter  cell  with¬ 
out  degradation  in  the  s i gna 1  -  to- no i se  ratio  of 
the  atomic  resonance  signal. 

Along  with  this,  electrical  and  mechanical 
design  approaches  were  also  taken  t o  achieve  a 
relatively  low  parts  count  and  a  simplified,  cost- 
saving  design  without  sacrificing  performance. 

In  the  following,  the  design  and  performance 
character i st i cs  of  the  new  rubidium  frequency 
standard  (designated  model  V407A)  are  discussed  in 
de tail. 


Figure  1  is  a  simplified  block  diagram  ot  the 
model  r>40 7 A  rubidium  f requeue v  standard.  The 
system  consists  of  b  subassemblies: 

1.  opt i ca 1 -mi crowave  unit 

2.  voltage'  controlled  crystal  oscillator 
( VCXO) 

J.  frequency  multiplier  and  synthesizer 

4.  servo  control  circuits 

A.  voltage  regulator 

The  interconnections  among  them  are,  tor  the 
most  part,  made  through  the  mother-board  into 
which  they  plug.  The  mechanical  structure  was 


1 


I 


i!s.>  simplified  tv)  achieve  light  weight  and  ease 
ot  construction.  This  simplified  structure 
greatly  facilitated  the  assembly  and  test  of  the 
i  ircuits.  Figure  2  is  an  exploded  view  of  the 
rmxle  l  3^0  7  A  showing  the  subassemblies  and  the 
basic  mechanical  structure. 

0_p_t_i  cal  ~mii  row.i v *•_  u  n  1 1 

Hu*  reduction  in  size  ot  the  bulky  optical- 
microwave  unit  is  indispensable  tor  the  miniaturi¬ 
sation  ot  tin*  rubidium  trequencv  standard.  We 
developed  a  miniature,  2-cell  type  opt i ca 1-mi cro- 
wave  unit  which  employs  a  resonance  cell  contain¬ 
ing  natural  rubidium,  i.e.,  isotopes  Rb-87  and 
Rb-85  in  their  naturally  occurring  proportion. 

Problems  posed  bv  the  2-ce!l  scheme  and  min¬ 
iaturization  were  high  temperature-coefficient  ot 
the  resonance  cell ,  and  undue  heat  i ng  due  to  power 
dissipated  within  tin*  opt i ca 1 -mi crowave  unit. 

I  A)  Temperature-coefficient  of  resonance  cell 

The  t emprnt ure-coe f f i c i ent  of  the  resonance 
cell  is  dependent  on  the  pressure  ratio  of  the 
butter  g.jses.  However,  the  optimum  pressure  ratio 
tor  tin  .on ventionai  i-cell  scheme  is  not  suitable 
!  u  tiie  .'-celi  scheme  because  of  the  effect  of 
Kb-*  ..  ontained  in  the  resonance  cell.  The  roso- 
na i'-.*.  cell  containing  natural  rubidium  acts  as  a 
distributed  t i l ter / resonance  cell  with  the  part 
! ac : ug  the  rubidium  lamp  til  ter- like,  and  the 
’  ppos  i  *  e  side  resonance  cell-like,  There  tore,  the 
tiiteiing  ! unction  is  heavily  dependent  on  the 
temperature  , > f  the  integrated  cell,  causing  light 
intensity  *  iiange  a!  the  part  acting  as  the  reso¬ 
nance  cell.  Hence,  a  combined  effect  of  buffer 
gases  and  light  shift  is  observed. 

At  an  early  stag,  ot  development,  our 
investigation  focused  on  determination  of  the 
optimum  ratio  e*  butler  gases  to  obtain  the  lowest 
possible  temperat uM’-coef I i cient .  The  ratio  ot 
t nr  butter  gases  was  selected  on  the  basis  of  a 
series  of  experiments.  Figure  3  and  Fig.  4  show 
the  temperat an*  dependences  ot  the  resonance  cell 
and.  >>t  the  ’..imp  o  il.  These  experimental  results 
bear  out  the  above  assertion  that  the  temperature- 
.oef’ti  lent  ot  t  he  resonance  cell  is  heavily 
leper dent  on  the  lamp  cell  temperature,  i.e., 

Light  intensity,  and  the  temperature-coefficient 
"t  the  lamp  cell  is  also  impendent  on  the 
r*- -i.uiaiK  e  cell  temperature.  Temperature- 
■  of*  t  t  i  r  i  <»nt  s  of  less  than  *3  x  10~*‘/deg.  have 
been  obtained  a»  reasonable  temperatures.  The 
op.ra t  ; ng  temperature  of  the  lamp  cell  can  be  set 
it  tiie  point  where  the  resonance  signal  level  is 
at  maximum,  with  improved  short-term  stability, 
nut  with  possible  adverse  effects  on  the  stan¬ 
dard  s  sensitivity  to  ambient  temperature  changes. 

(  B;  Operating  temperature  range 

An  additional  important  advantage  of  the 
—  i  e  1  ]  scheme  is  the  fact  that  the  optimum  operat¬ 
ing  temperature  ot  the  integrated  cell  is  higher 
by  ]0  I’tj  degrees  than  that  of  the  conventional 


resonance  cell  containing  isotope  Rb-87.  (Fig.  3) 
This  serves  the  purpose  of  attaining  a  higher 
operating  temperature  limit  for  the  rubidium  fre¬ 
quency  standard,  since  its  upper  temperature  limit 
is  determined  by  the  operating  temperat ure  of  the 
resonance  cell.  Hence,  the  integrated  cell  con¬ 
taining  natural  rubidium  allows  a  wide  operating 
temperature  range  to  be  achieved  without  degrada¬ 
tion  in  the  signal -to- noise  ratio  of  the  error 
signal,  i.e.,  short-term  stability. 

(C)  Magnetic,  thermal,  and  physical  aspects 

An  important  concern  for  a  portable  standard 
is  its  susceptibility  to  the  ambient  magnetic 
field,  especially  the  earth's  magnetic  field.  To 
reduce  this  effect  to  a  negligible  value  tor  ,i 
worst-case  reorientation  in  the  earth's  field, 
i.e.,  for  about  !  gauss  change,  the  optical- 
mi  crowave  unit  is  provided  with  double  magnetic 
shields  of  mu-metal,  and  is  mounted  wiLh  the 
O field  direction  at  right  angles  to  the  horizon¬ 
tal  surface. 

Solving  the  thermal  problems  is  also 
important  to  achieve  wide  operating  temperature 
range,  low  power  consumption,  and  fast  warmup. 

The  opt i ca 1 -mi crowave  unit  was  designed  to 
increase  the  thermal  isolation  of  the  cavity 
resonator  1 rom  the  lamp  house  and  the  externa! 
en v i ronment . 

The  volume  of  the  new  opt i ca 1-mi crowave  unit 
is  about  0.3  liters,  exclusive  of  the  second 
magnetic  shield.  Figure  5  shows  an  exterior  vi»-w 
of  this  unit. 

VCXO  and  other  circuits 

The  5  MHz  slave  oscillator  is  a  compact  high 
stability  crystal  oscillator  using  a  3  MHz,  3th 
overtone  AT-cut  crystal  unit  with  Q  2.3  x  10’  , 
and  a  single  stage  oven.  It  exhibits  an  aging 
rate  of  typically  less  than  1  x  10“ '“/year,  and 
temperature  stability  of  less  than  1  x  10“'  from 
-20 °C  to  +60 °C.  Fast  warmup  to  5  x  10- "  in  23 
minutes  is  achieved  with  an  input  power  of  5.5 
watts  at  +25°C.  The  electronic  control  range  is  > 
- 2  x  10'  .  The  volume  is  40  x  40  x  80  (mm-). 

The  circuits  for  frequency  synthesis  and 
servo  control  also  have  been  made  compact  by  the 
u***v  of  a  relatively  large  number  of  integrated 
circuits,  and  by  ••  1 1  i  cient  mounting.  Advanced 
circuit  techniques  have  resulted  in  a  relatively 
low  parts  count  and  elimination  of  bulky  inductors 
and  transformers  from  the  servo  control  circuits, 
tn  particular,  the  phase  detector  and  the  integra¬ 
tor  were  carefully  designed  and  adjusted  to  pro¬ 
duce  minimum  offsets  and  drifts,  because  they 
would  adversely  affect  the  long-term  stability  and 
temperature  stability. 

The  frequency  synthesize*"  uses  a  sampling 
phase  lock  loop,  and  permits  adjustment  of  the 
standard's  output  frequency  over  a  range  ot 
1.5  x  10“  /  with  incremental  steps  of  about 
2  x  10"  This,  combi ned  with  a  C- tie  Id  range 
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't  x  lu  ,  allows  precise  frequency  adjust- 

wilt  s  l  o  be  made  over  a  wide  range. 

Figure  h  shows  the  exterior  view  of  the  model 
>40  7  A  rubidium  frequency  standard.  The  5  MHz  out¬ 
put  is  tin  the  rear  pane  1  .  The  built-in  meter  on 
■  he  trout  panel  monitors  internal  circuit  func¬ 
tions,  hoik  or  loss  of  lock  is  indicated  on  t  lie 
*>  voe.l  panel.  v-  field  adjustment  is  accessible 
:  r  oin  t  h*-  t  ront  pan**  1  . 

Performance  charact< r i s t i c s 
1. 1 utk?~  t  v  rm  s  Iji h  i  1 1  ty 

hong- term  stability  is  determined  mainly  by 
the  stability  of  the  pumping  light  and  by  the 
chemical  processes  which  can  occur  in  the  reso¬ 
nance  cell.  Since  these  processes  may  produce  a 
positive  or  a  negative  frequency  drift,  units  may 
have  different  drift  rates. 

Figure  7  shows  the  long-term  stability  plots 
ill  two  model  5407A’s  for  about  six  months. 

Neither  ot  them  exhibited  noticeable  drifts. 

Aging  rates  are  far  better  than  2  x  10“ month, 
and  compare  favorably  with  that  of  larger  rubidium 
frequency  standards  for  laboratory  use. 

Short-term  stability 

Figure  8  shows  the  short-term  stability  of 
the  model  5407 A.  The  stability  was  measured  by 
referring  to  a  low-noise  crystal  oscillator  for 
's  of  10”  to  10  seconds,  and  by  comparing  two 
ot  the  model  540/A's  to  each  other  for  ’  s  longer 
than  10  seconds.  The  measurement  was  made  in  a 
benign  environment,  because  temperature  changes 
and  other  environmental  changes  would  influence 
the  stability  for  averaging  times  longer  than 
about  10*  seconds.  For  averaging  times  smaller 
than  the  servo  time  constant  (about  2  sec),  the 
frequency  fluctuations  are  determined  by  the 
crystal  oscillator.  For  averaging  times  longer 
than  the  time  constant,  thev  are  mainly  determined 
by  the  s i gna l - to-no i sc  ratio  of  the  output  of  the 
opt  i < a l -mi  c rowave  unit,  resulting  in  a  change  in 
flu*  slope.  The  stability  improve*  s  as  '  ”  1  from 
*10 ‘  to  about  1  sec,  as  from  =1  to  10 

sec,  and  levels  off  at  about  4  x  10"  1 

fcnvj  r mime n  t  a  1  stability 

Rubidium  frequency  standards  are  more  or  less 
sensitive  to  on v i ronmen t a  1  changes.  This  sensi¬ 
tivity  must  be  minimized  to  take  advantage  of  the 
intrinsic  stability.  Tf  -*  model  5407 A  was  sub¬ 
jected  to  changes  in  ambient  temperature  and 
magnet lc  field. 

(  A)  Temper  at  ure 

Figure  9  shows  the  effect  of  ambient  tempera¬ 
ture  on  the  frequency  of  the  model  5407 A.  The 
ambient  temperature  was  held  at  +25 °C  for  3  hours, 
lowered  to  -20’C,  and  then  was  stepped  up  in  10 
degree  increments  to  +600,  maintaining  each 


intermediate  temperature  for  3  hours. 

Frequency  changes  of  the  2  samples  were  both 
less  than  1  x  10” -  ^  with  respect  to  the  frequency 
at  *25 °C  over  the  range  from  -20 'C  to  +60  C.  The 
similar  temperature  coefficients  of  the  2  samples, 
without  erratic  behavior,  suggest  a  good  possibil¬ 
ity  of  further  improvement. 

( B )  Magne  tic  field 

Figure  10  shows  the  effect  of  the  ambient 
magnetic  field  on  the  frequency  of  the  model 
5407A.  The  model  5407A  was  subjected  to  reorien¬ 
tation  in  the  earth's  field.  The  frequency  change 
was  less  than  1  x  10“J!  for  any  orientation,  i.e., 
for  about  l  gauss  change. 

Warmup  characteristic 

Figure  11  shows  the  result  of  warmup  measure¬ 
ment  of  the  model  5407A  after  24  hours  off-time  at 
+25 °C.  The  frequency  control  loop  is  established 
25  minutes  after  turn-on.  Forty  minutes  after 
turn-on,  the  frequency  is  within  5  x  10~Ji  of  the 
original  value.  The  retrace  is  better  than 
l  x  1 0- 1  ». 

Supply  voltage  characteristic 

Figure  12  shows  the  effect  of  changes  in 
supply  voltage  on  the  frequency.  The  model  5407A 
has  a  voltage  regulator  to  reduce  this  effect,  and 
no  discernible  frequency  change  was  observed  for 
*10%  changes  in  supply  voltage. 

Technical  data 

A  summary  of  the  technical  data  on  model 
5407 A  is  shown  in  Table  1. 


Cone lusion 

The  details  of  the  design  of  a  miniature 
rubidium  frequency  standard  have  been  presented  as 
well  as  the  performance  test  results. 

Many  electrical  and  structural  features  and 
improvements  have  been  incorporated  into  the 
design,  which  have  resulted  in  extreme  compact¬ 
ness,  light  weight,  wide  operating  temperature 
range,  and  low  power  consumption. 

The  long-term  stability  has  been  found  to  be 
better  than  2  x  10“ 1 1 /month .  Short-term  stability 
measurement  has  shown  that  0V( 5 )  1  x  10“' -  for  ; 

=  100  seconds.  Sensitivity  to  environmental 
changes  was  also  minimized  in  order  to  utilize  the 
intrinsic  frequency  stability  under  extended  envi¬ 
ronmental  conditions.  The  frequency  change  caused 
by  ambient  temperature  is  less  than  1  x  10“ with 
respect  to  the  frequency  at  +25°C  for  the  range 
from  -20°C  to  +60°C.  The  effect  of  the  ambient 
magnetic  field  is  less  than  1  x  10“11  for  any 
orientation  in  the  earth’s  magnetic  field. 

These  results  demonstrate  that  no  performance 
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has  been  sacrificed  for  the  small  volume,  and  that 
the  new  rubidium  frequency  standard  is  promising 
for  use  in  a  wide  range  of  applications  including 
use  in  the  field. 
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Fig.  5  Opt i ca l -mi crowave  unit  used  in  model  5407A 
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Table  1.  Technical  data  on  model  540 7 A 

Out  pu  t 

Frequency:  5  MHz 

bevel:  1  Vrms  into  50  ohms 

Signa  1  -to-no isf  ratio:  90  dB  at  rated  output 

(BW  30  kHz  J 

Connector:  OSM 
I  npu  t 

Voltage:  -21  V 

Power:  17  W  (stead”  'f  +25'C) 

28  W  ( during  warmup) 

Dimensions:  99  ran  (3.7")  high.  110  mm  (9.1")  wide, 
lhh  inni  (f>.5M )  deep 


Weight:  2.  <4  kg  (b.4  ,\,s) 
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Summat  y 

The  nav i gat i on- system  clocks  tar  the  GPS 
NAVSTAR  r)  and  NAVSTAR  b  satellites  are  FTS- 
de  ve  !  aped  and  manu  f  ac  t  mi  ed  cesium  beam  frequency 
stand  a ids  (CFS).  The  cesium  clacks  have  been  m 
v ant  i n<is.»Ms  apeiatian  since  b  April  1981  and  b 
Mav  1980,  respectively,  and  are  the  fust  cesium 
standatds  ; provide  satellite  navigation  and 
t  ime-  i  i  atis  f  e  i  signals  avei  an  extended  period  jf 
time.  The  NAVSTAR  cesium  standards  are 
pi  ep  i  oducl  ion  models,  predecessors  la  the  OPS 
Phase  II  standards  being  manufactured  by  FTS  fat 
(IPS  space  vehicles  9  through  12.  The  design  and 
pe  t  f  ..u  mance  details  at  the  PPM  CFS  was  deset  ibed 
at  the  10th  PTTl  Planning  Meeting.^ 

The  an-jibit  time  and  frequency  stability 
of  the  navigatian  signals  is  computed  from  data 
disseminated  by  the  U.S.  Naval  Obseivatoiv.  The 
pei fot mance  of  the  on-board  cesium  clocks,  as 
tec  aided  at  USNO  ,  exceeds  the  expectations  at 
GPS  Phase  I  and  in  most  lespects  approaches  the 
projected  i equ u ement s  fat  GPS  Phase  III. 

1 nt r  aduct ion 

The  prept aduct lan  model  (PPM)  series  at 
cesium  beam  fiequency  standatds  is  an  evolution¬ 
al  y  devel  ipment  I  i  an  tlie  Prototype  Model  flown 
aboard  Navigation  Technology  Satellite  11 
(NTS- 2)^.  The  PPM  standards  were  developed 
and  manufactured  bv  Frequency  and  Tim.*  Systems 
(FTS)  undet  v.  Mitiacl  la  the  Naval  Research 
Lab  >i  at  oi  y  f  o»  the  NAVSTAR  ■?  through  NAVSTAR  8 
satellites  for  the  Global  Positioning  System 
v  ans  l  *■'  l  I  a  t  i  .in  . 

The  p»-i  for  mance  specif  icat  ton  and  physical 
characteristics  of  the  PPM  cesium  beam  frequency 
standatds  aie  sunmai  i zed  in  Table  I.  The 
measured  frequency  stability  of  the  PPM  qualifi¬ 
cation  unit  ,  expressed  as  the  Allan  Variance  af 
the  frequency  aver  averaging  mtet vals  from  10 
to  105  seconds,  is  shown  m  Figuie  1. 

NAVSTAR  (Space  Vehicle  'i  )  was  launched  m 
February  1980  and  the  navigation  signal  was 
initially  controlled  by  a  rubidium  frequency 
itandaid.  The  *n-b»atd  cesium  standard,  PPM 
’■> e i  iai  Number  10,  lemaiiied  in  passive  storage 
!  >i  appi  ax  l  ma  t  e  l  v  14  months.  fbi  b  A  pr  i  1  1981, 


the  rubidium  standard  was  turned  off  and  the 
cesium  standard  was  turned  on  to  provide  the  navi- 
gat  ion  system  master  clock  signal.  NAVSTAR  6 
(Space  Vehicle  9)  was  launched  on  2b  April  1980  and 
the  oii_board  cesium  clack.  Serial  Number  II,  was 
powered  up  10  days  latei  ,  on  b  May  19  80.  Tables  2 
and  \  summarize  the  salient  chai  act  er  i  st  i  cs  and 
the  flight  histories  of  PPM  Serial  Nunfcer  10  and 
11,  i es pect i ve 1 y .  Bath  cesium  standards  have 
operated  continuously  since  turn-on,  with  perform¬ 
ance  as  described  below. 

Measurement  Philosophy 

The  characterization  of  a  h  igh- pe  i  f  ormanee 
atomic  frequency  standard  can  be  a  difficult  and 
challenging  task  m  a  laboratory  environment. 
Installation  of  the  frequency  standard  in  a 
NAVSTAR  satellite  orbiting  20,000  km  above  the 
earth’s  surface  introduces  interesting  new 
metrology  problems.  In  general  these  problems 
tall  into  three  classifications: 

a.  Doppler  Shift.  The  t  une- rate- of-change 
of  the  transmission  delay  (phase)  from  the 
satellite  to  the  ground  measurement  point,  the 
Doppler  shift,  is  generated  by  the  geometric 

mot  ion  of  the  transmitter  with  respect  to  the 
teceivei  and  the  changes  in  ionospheric  and 
tropospheric  group  delays.  The  variations  m 
ionospheric  and  tropospheric  delays,  in  turn  are 
the  lesult  of  both  relatively  short-term  de  ns  i  tv 
fluctuations  and  of  periodic  and  secular  terms  <i». 
to  the  changing  elevation  of  the  satellite  as 
obseived  from  a  given  ground  station. 

b.  Relativistic  Effects.  Correct  ions  tor 
non- t i i v i al  general  relativistic  effects  must  be 
applied  to  the  received  frequency  data.  Again, 
periodic  terms  appear  m  the  relativistic  coirec- 

t ions  as  a  result  of  orbital  eccentricity-  Secular 
terms  may  also  be  present  as  a  result  of  solar  and 
lunar  pertut bat  ions ,  radiation  pressure  and  zonal 
harmonics  of  the  earth's  gravitational  field"*. 

c .  Observation  Time  .  A  particulai  satellite 
is  not  cunt  inuonslv  visible  frjm  a  given  ground 
leceivei,  so  that  an  unbroken  phase  ttackmg  of  an 
on-boaid  frequency  standard  is  not  possible. 

Fui thei  more,  the  satellite,  even  if  visible,  will 
be  obseived  at  low  elevation  angles  for  relatively 
long  pei i ods  of  t  i me ,  sei lously  degrading  the 
quality  >f  the  teceived  data. 


A  two-way  ti  ansrai ss ion  link  between  the 
satellite  and  the  ground  receiver  is  the  optimum 
solution  to  the  Doppler  shift  measurement  error. 
The  transponder  pi ov ides  a  direct  measurement  of 
the  total  transmission  delay;  and  therefoie  per¬ 
mits  estimation  of  the  on-board  clock  perform¬ 
ance  independent  of  orbital  and  atmospheric 
perturbations.  It  should  be  noted  that  the  two- 
way  transmission  does  not  account  for  the  rela- 
tivistic  effects  and  collections  for  relative 
velocity  and  for  gravitational  potential  of  the 
on-  board  clock  must  be  applied  to  the  received 
data**.  The  GPS  system,  however,  only  trans¬ 
mits  signals  -  therefore  the  clock  frequency 
errors,  the  satellite  orbital  errors,  and  the 
atmospheric  group  delays  are  coupled,  and  the 
performance  of  the  clock  can  be  extracted  only 
bv  accurately  modeling  all  of  the  perturbations 
which  affect  the  phase  of  the  received  signal. 

Me  a  s u  r ement  Systems 

The  trust  obvious  source  of  GPS  performance 
data  is  the  GPS  Control  Segment,  which  is 
*_.>mprised  of  four  Monitor  Stations,  an  Upload 
Station  and  a  Master  Control  Station.  The  on¬ 
line  computation  of  satellite  epheraeiis 
corrections  and  explicit  clock  corrections  is 
performed  at  the  Master  Conti  >1  Station,  which 
also  controls  the  uploading  of  the  satellite 
navigation  message.  Frequency  standard  data 
obtained  from  the  Control  Segment  is  presented 
elsewhere  m  these  Proceedings  by  D.E.  Tennant**. 
The  mission  of  the  Control  Segment,  however,  is 
position  determination,  not  the  characterization 
of  frequency  standards.  The  Control  Segment 
allocates  overall  system  errors  so  as  to 
optimize  the  navigational  function  of  the  System 
and  the  data  may  not  explicitly  demonstrate  the 
full  time-keeping  capability  of  the  on-board 
i  1  oc  ks  . 


The  United  States  Nava L  Observatory  has 
d-'vo  Loped  the  capability  to  generate  and 
disseminate  GPS  time,  relative  to  the  Observ¬ 
atory  Mastet  Clock,  and  all  data  presented  in 
this  paper  is  based  >n  measurements  made  at  the 
Observatory.  GPS  data  and  information  is 
leadily  available  through  the  USNO  Automated 
Data  Service  and  can  be  accessed  by  teleprinter 
through  the  commercial  telephone  network. 

The  USNO  t i me - t r ans f er  capability  is  based 
on  a  Stanfoid  Te lec ommun icat ions ,  Lnc .  (STI) 
s i ng  le-channe  I  C/A-code  receiver;  a  block 
diagram  of  the  system  if*  shown  in  Figure  2.  The 
t ime- tr ansf ei  receiver  locks  onto  and  tracks  the 
GPS  signal.  The  decoded  navigation  message  is 
routed  to  the  processor  which  computes: 


a.  the  sat  el  1 1 1 e- t j-rece  i  vet  range  from  the 
known  location  of  th»*  antenna  and  the  received 
epheraeiis  data 

b.  the  ionospheric  group  delay  from  the 
known  elevation  and  slant -range  of  the  satellite 
and  the  ionospheric  model  transmitted  as  part  of 
the  navigation  message 

c.  the  tropospheric  group  delay  frjm  the 
known  elevation  and  slant-range  of  the  satellite 


d.  the  clock  correction  from  the  model 
transmitted  as  part  of  Data  Block  l  of  the 
satellite  navigation  message.  The  estimated 
difference  between  the  satellite  transmission  time 
(tsAT^  an<*  the  GPS  systeTn  time  (tGpg)  is 
represented  by  the  second  order  polynomial^ 

tSAT'tCPS  °  a2(tSAT~to>  +  a’  (tSAT*to)  *  av,(l) 
where  ta  is  a  system  reference  time.  It  should 

be  noted  that  all  relativistic  effects;  secular 
and  periodic,  are  absorbed  into  the  parameters 
a0 ,  a\  and  a2  . 


The  time  transfer  receiver  generates  a 
rece i ved-epoch  pulse,  once  for  every  six-second 
frame  of  the  navigation  message.  The  pseudo  range 
counter  measures  the  time  difference,  with  10  nano¬ 
second  resolution,  between  the  received  epoch 
pulse  and  an  epoch  pulse  derived  from,  and 
synchronous  with,  the  USNO  MC.  The  processor 
applies  the  four  corrections  noted  above  to  the 
pseudo  range  measurement  to  compute  the  difference 
between  the  USNO  MC  and  GPS  system  time,  t^c  *  tfps* 

The  USNO  GPS  data  file  includes,  m  addition 
to  tMG  -  tGp<j,  the  time-of-day  at  which  an  obser¬ 
vation  was  made,  the  elevation  angle  of  the 
satellite,  the  data  age  (time  since  the  last 
updating  of  the  navigation  message)  and  other 
information  which  serves  as  a  guide  to  the 
statistical  reliability  of  the  measurement.  USNO 
also  provides  the  difference  between  USNO  MC  time 
and  the  satellite  transmission  time,  t  ^  -  t 
which  is  computed  by  adding  the  GPS  clock 
collection,  t^y  -  t^,p<,  to  the  MC  versus  GPS  data 
which  is  the  normal  output  of  the  time  transfer 
unit.  The  -  t^y  difference  is  independent  of 

the  explicit  GPS  clock  correction  model  but  is,  of 
course,  coupled  to  the  GPS  ephemens  through  the 
computation  of  the  sat e 1  1 1 1 e -t o-rece i ver  geometric 
i ange . 


Data  Ed i t ing 

A  relatively  large  amount  of  data  was  pro¬ 
cessed  in  order  to  evaluate  the  performance  of  the 
cesium  frequency  standards  aboard  space  vehicles  3 
and  9  and  specific,  a  priori,  guidelines  were 
derived  to  filter  this  data  as  follows: 
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a.  No  measurements  taken  prior  to  Oclobei 
19HU  wen-  lift'd.  Major  i1i:icii,paini'‘s  between  the 
USNO  MC  and  GPS  svstem  t  ime  w**ie  observed  .m 

!  measui  ement  .s  t  akt'n  f  i  am  Apr  i  l  1980 

through  September  1980. 

b.  The  mu'.ii  i  l  »'d  :  inv  d  1 1  t  ft  ence  t.,  .-t  ... 

.'A  l 

wa.s  t  mnd  t .»  be  mai»*  itjpit'M'iU  at  ivc  at  the 
pfi  t  jimaiKt1  of  the  an-b.».iid  clocks  than  the 
modeled  difference  tV{-  -  ^  Th  i  s  wa.s  found 

to  line  even  though  the  uncoireited  time  differ¬ 
ence  does  nat  taka  mla  account  t  he  fiequencv  and 
phase  n  t.ii  n  introduced  bv  relativistic  effects. 
Therefore,  the  NAVSTAR  cesium  clack  performance 
must  he  at  least  a.s  good  as  indicated  by  the 
t  V1(  me  a.sui  ement  s ,  and  pxabablv  .signifi¬ 

ed  nt  l  v  be  1 1  e t  in  t  he  1 ong  t  e i m . 

c.  Within  the  abave  constraints,  all  p  m  nt  .*» 
weie  included  which  satisfied  these  a  pi  .»u  i 

ci  1 1  e i  i  a 

Upland  data  age  less  than  twa  hauls 

One  (maiut  '  pass  per  day 

Slope  less  than  *>0  ps/s 

Number  >t  six'  sec  and  samples  pet  measure¬ 
ment  greater  than  SO 

Satellite  elevat ion  angle  greater  than  15“ 

In  certain  cases,  data  paints  have  been 
included  which  did  nat  satisfy  one  ai  mare  af  the 
above  criteria,  but  no  paints  were  excluded! 

S  t  .i  1  1 1  y  Da_t_a 

apace  V eh  ic  le  _5 

The  transit  lan  between  i  ubid  ium-c  1  >ck 
operation  and  ces  ium-c  1  oc  k  caiUtal  abaaid  space 
vehicle  5  is  shown  in  Figure  V  The  cesium 
statidatd  was  turned  on  an  6  Apiil  1981  ( MJI) 

'♦*♦702  )  and  immediattiv  stabilized  as  .shown  on  the 
light -hand  side  of  the  figure.  independ-  ent 
least  -square  lmeai  fits  over  approximately  30 
days  for  each  clock  have  been  applied  to  the  data 
;  >  remove  the  frequency  offset  ,  ta  the  extent 
feasible,  between  the  .m-boaid  satellite  clacks 
and  the  If  SNO  MC .  The  time  error  scale  (oidinate) 
is  l 00  nanoseconds  pe i  minoi  division. 

Figure  4  is  a  plot  of  the  time  deviation  of 
PPM  cesium  frequency  standard  number  10  aboard 
space  vehicle  r>  f  i  am  12  April  1981  ta  12  May  1981 
( MJD  44705  to  44735).  Note  that  the  time  error 
scale  is  reduced  ta  5  nanoseconds  pei  mmoi 
division.  The  data  sequence  starts  three  days 
after  the  CFS  was  powered-up.  The  least  -  squat es 
linear  fit  shows  an  offset  of  “106  ns /day 
(1.2  x  10~12)  with  respect  to  the  Naval 
Observatory  and  a  standard  deviation  of  the  fit 
>f  less  than  35  ns.  A  trial  quadratic  fit  yields 
a  drift  of  less  than  0.5  ns /day  squared,  u*wch  is 


iu»t  st  at  ist  rca  1  l  y  significant.  The  functional 
stability  of  the  time  fluctuations  is  approximately 
1.6  x  10”  n  tor  a  one-day  averaging 

interval.  The  remarkable  time-keeping  performance 
of  tills  clock  is  evidenced  by  the  tact  that  the 
(uncoriected)  time  stayed  within  *8  5  ns  of  the 
USNO  Master  Clock  for  30  days 

Space  Veh  tele  9 

The  performance  of  PPM  cesium  frequency 
standard  numbei  11  aboaid  space  vehicle  9  is  shown 
m  Figure  5  over  the  same  thirty-day  interval  that 
the  performance  ot  PPM  number  10  has  been 
measured.  The  cesium  standard  had  been  operation 
tor  just  under  one  yeai  at  the  beginning  of  this 
data  sequence.  The  least- square  fit  shows  an 
offset  of  less  than  45  n&/day  (5  x  10  ^)  with 
respect  the  USNO  MC  and  a  standard  deviation  of 
less  than  30  ns.  There  is  no  detectable  frequency 
drift  terra.  The  functional  stability  of  the  time 
fluctuations  for  one-day  averaging  is  approximately 
1.4  x  10“^  day.  The  (uncoriected)  time 
remained  within  *85  ns  of  the  USNO  Master  Clock 
ovei  the  30  day  interval,  virtually  duplicating 
the  exceptional  performance  of  PPM  number  10. 

For  comparison  purposes,  the  difference 
between  the  USNO  Master  Clock  and  GPS  system  time 
is  plotted  in  Figure  8,  using  the  same  set  of 
satellite  observat  ions  used  to  derive  Figure  5. 

The  much  larger,  and  atypical,  time  deviat ions  are 
evident  from  even  a  cursory  comparison  of  Figure  6 
with  F  igure  5 . 

The  performance  of  the  space  vehicle  9  cesium 
clock  over  a  much  longer  interval  and  at  an 
earlier  stage  m  its  mission  is  shown  in  Figure  7. 
The  data  sequence  extends  for  100  days,  from 
24  October  1980  to  31  January  1981  (MJD  44535  to 
44835).  The  time  error  pLotted  is  the  deviation 
ftora  a  least -squares  linear  fit  with  an  offset  of 
approximately  15  ns /day  (-1.7  x  10  and  a 

standard  deviation  ot  less  than  65  ns.  The. 
computed  quadratic  drift  term  is  less  than 
0.1  ns/day^  (a  fractional  frequency  drift  of 
less  than  1  x  10“^/day).  The  peak-to-peak 
time  deviation  of  the  satellite  clock,  with 
respect  to  the  USNO  MC,  is  less  than  +_140  ns  over 
100  days  . 

The  fractional  stability  of  the  time  fluctu¬ 
ations  for  one-day  averaging  intervals  is  approxi¬ 
mately  2.1  x  10”*  .  The  flight  of  space 

vehicle  9  provides  an  almost  unique  oppo  r  t  un  i  ty  to 
obtain  an  estimate  of  the  ve t y- l ong-t e rm  stability 
of  a  cesium  frequency  standard.  An  Allan  Variance 
for  five-day  averaging  is  slightly  greatei  than 
5  x  and  for  ten-day  averaging  less  than 

4  x  10”*^,  over  the  100-day  period.  The  calcul¬ 
ated  decreases  at  a  rate  somewhat  greater  than 
t“l/2  (where  i  is  the  averaging  interval) 
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sugges t i ng  that  system  phase  noise;  ephemeris 
errois,  atmosphet ic  and  relativity  corrections, 
etc. ,  is  a  contributor  to  the  observed  time  dis¬ 
persion,  even  for  ten-day  averaging  intervals, 
and  that  the  flicket  floor  of  the  cesium 
standard  is  less  than  4  x  10~1^. 

Cone lusiuns 

The  frequency  stability  of  the  orbiting 
cesium  frequency  standards  is  summarized  in 
Table  4,  demonstrating  performance  levels 
s i gn i t leant ly  exceeding  the  expectations  of  just 
a  few  years  ago.  The  ultimate  noise  floor 
appears  l.>  be  in  the  older  of  1  x  10“^,  with 
overall  noise  petfoimance  surpassing  the  clock 
i  ■  qu  i »  eme  nt  s  of  the  (IPS  Phase  III. 
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SUMMARY 

There  has  recently  been  Increased 
Interest  in  active  hydrogen  masers  for 
use  in  timekeeping  applications  for  space 
and  military  programs.  Most  of  the  pub¬ 
lished  data  on  masers  has  related  to 
their  short  term  stability.  The  VLC-1 l 
maser,  one  of  two  generally  available, 
has  been  produced  since  1977  but  no  long 
term  stability  or  reliability  information 
has  been  available  to  potential  users. 

The  V.S.  Naval  Research  Laboratory  (NRL) 
has  over  three  years  experience  with 
Smithsonian  Astrophysi* al  Observatory’s 
(SAG)  VLG-ll  masers.  NRL  purchased  two 
of  the  first  three  masers  built  in  this 
series  in  the  fall  of  1977.  An  additional 
maser  was  delivered  in  January,  1980. 

This  paper  documents  the  performance  of 
these  three  masers  and  also  an  NRL  owned 
VLG-10,  the  predecessor  of  the  VLG-ll 
series . 

Introduction 

With  the  advent  of  increasingly  tighter 
timing  requirements  in  a  variety  of  space, 
military,  and  private  communication  and  navi¬ 
gation  programs  there  is  greater  interest  in 
very  high  performance  clocks  such  as  the  hydrogen 
maser.  While  hydrogen  masers  were  available 
commercially  over  a  decade  ago,  only  a  few  have 
been  sold.  The  lack  of  widespread  use  has  been 
due  to  several  factors,  including  cost,  size, 
weight,  a  reputation  for  poor  reliability,  and, 
probably  most  importantly,  the  availability  of 
•  -esium  standards  that  did  not  suffer  as  much  from 
these  problems.  However,  recent  developments  in 
programs  such  as  the  Global  Positioning  System 
and  various  spread  spectrum  communication  systems 
have  shown  the  need  for  performance  exceeding 
that  of  current  design  cesium  clocks. 

There  are  presently  two  sources  of  active 
hydrogen  masers  in  the  United  States.  They  are 
the  Smithsonian  Ast rophysica 1  Laboratory  (SAO), 
which  builds  the  VLG-ll  maser  and  the  Applied 
Physics  Laboratory  (APL),  which  builds  the  NR 
masers.  There  is  also  Increasing  Interest  In 
the  passive  technology  masers.  At  present  there 


is  no  commercial  or  institutional  source  for 
these  masers  although  development  work  is  taking 
place  in  several  laboratories 

The  U.S.  Naval  Research  Laboratory  has  sup¬ 
ported  hydrogen  maser  development  at  SAO  for 
over  ten  years  beginning  with  the  first  SAO  maser, 
the  VLG-10  and  continuing  through  the  present 
series.  NRL  now  owns  one  VLG-10  and  three 
VLG-ll  masers.  There  are  maintenance  records 
documenting  failures  and  events  which  limit 
performance  along  with  tuning  and  frequency 
offset  data. 

Reliability 

One  of  the  most  commonly  cited  concerns 
relating  to  the  application  of  hydrogen  masers 
has  been  reliability.  Early  hydrogen  masers 
suffered  from  a  number  of  problems.  There  were 
not  only  the  problems  of  low  volume  production 
but  also  physics  problems  relating  to  wall 
coatings,  d J ssociators,  pumps  and  cavity  tuning. 
The  experience  gained  through  the  SAO  masers  at 
NRL  indicates  that  there  has  been  a  great  improve¬ 
ment  in  reliability  from  the  time  of  delivery  of 
the  first  VLG-10  through  recent  VLG-ll  deliveries. 

Figure  1  shows  a  summary  of  the  failures  and 
significant  events  in  operation  of  the  NRL  owned 
masers.  This  table  covers  the  one  VLG-10,  serial 
number  PO,  and  the  three  VLG-ll  masers,  P9,  P10, 
and  Pi2.  PO  was  the  prototype  VLG-10  maser 
delivered  in  1972.  P9  and  P10  were  the  first 
two  VLG-ll  masers.  They  were  delivered  to  NRL 
in  the  fall  of  1977.  Maser  P12  is  one  of  the 
most  recent  VLG-ll  masers.  It  was  delivered  in 
January,  1980.  Since  that  time  two  additional 
VLG-ll  masers  have  been  completed.  PI 3  is  the 
SAO  house  maser  which  is  used  as  a  testbed  for 
new  development  ideas  as  well  as  the  SAO  house 
reference.  P14  was  delivered  to  the  Jet 
Propulsion  Laboratory.  It  should  be  noted  at 
this  time  that  both  the  VLG-10  and  VLG-ll  maser 
models  vary  in  some  respects  from  unit  to  unit 
depending  on  customer  requirements  and  design 
changes  made  to  improve  performance.  The  data 
presented  here  is  technically  only  applicable 
to  the  particular  masers  owned  by  NRL. 

To  set  a  reference  for  evaluating  the 
current  masers  it  is  helpful  to  examine  the 
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i-xpr  r  i  cn<  »■  With  tin-  first  Vl.C-l"  ami  also  will, 
tw.,  pro  H-l(»  masers,  maatl  t  a.  turnl  t'V  an-liier 
.  in  Hh  I,  it  is  not  hard  to  mule rs tan. I 

plW  onsets  pot  a  had  name.  The  data  on  PO  show 
that  there  were  slp.niti.ant  problems  with  that 
maser.  Ml  hot  the  most  resent  ion  pomp  problems 
. .  or  red  dtirliht  the  first  fo.tr  vears  of  its 
life.  Tin  most  serious  problem  uas  with  the 
initial  disso.  iator  desip.n.  from  delivery  mull 
a  ,  h.inpe  ill  disso.  iator  desipti  in  1 9  >  r>  there 
were  oonstant  problems  with  low  signals  and 
white  hydrogen  dis.  barges.  There  were  also 
problems  with  the  maser  re.eiver.  These 
primarily  related  to  the  l.t:  oseillator  at  1.4 
Ch,  whi.h  was  phase  looked  to  the  erystal  os.  ll- 
lator  to  provide  tin  first  [oral  oseillator  to 
tin-  re.eiver.  Receiver  design  changes  iiave 
eliminated  this  problem  in  later  masers.  For 
,he  period  beginning  in  1471-  to  the  present 
ma-t. r  PO  has  performed  roliuhlv.  It 
some  ton  pump  problems  and  the  receiver  problem 
Vi.is  rt'«rr«-d  from  time  to  time. 


As  Figure  I  shows,  the  three  VU'.-ll  masers 
have  been  sign i i i .  ant  1 y  better.  The  first  two 
masers,  P9  and  FID,  both  had  some  initial 
problems  related  to  ne.-hanl.-al  and  electrical 
design.  The  physics  problems  of  the  earlier^ 
masers  are  not  present.  The  newest  unit,  P12, 
has  had  no  failures  in  the  sixteen  months  it  has 
been  at  NHL.  The  histories  of  P9  and  P10  are 
documented  in  figures  2  and  1  respectively. 


The  problems  with  maser  P9,  figure  l,  have 
all  been  efe.tri.af.  Two  of  the  three  relate 
more  to  the  design  of  the  wiring  harness  than 
to  the  electronic  design  of  the  maser.  The 
remaining  problem  initially  appeared  to  be 
intermittent  tuning  of  the  cavity.  This  was 
later  found  to  be  due  to  failure  to  reset  the 
maser  from  a  test  mode. 


Looking  next  at  figure  3  the  nature  of  the 
problems  with  maser  P10  has  primarily  been  ion 
pump  failure.  In  the  first  two  years  of  Ute 
the  Ion  pump  power  was  »ut  off  by  the  circu  t 
breaker  five  times  due  apparently  to  excessive 
current  being  drawn  in  the  pump.  The  pump  plates 
were  replaced  and  no  further  problems  have  been 
noted.  P10  also  had  one  failure  related  to  the 
mechanical  design.  An  Intermittent  condition 
developed  where  the  tuning  of  the  maser  would 
lump.  The  problem  was  traced  to  the  mounting  of 
the  tuning  diode,  which  was  subsequently  cor 
rt*i  t  ed. 


Maser  Pi  2  has  had  no  failures  or  loss  of 
uperat ion. 


Stability 

The  excellent  short  term  stability  of  hydro 
gen  masers  tor  averaging  time  in  the  range ^>1.  1 
to  1 0000  seconds  has  been  well  documented  , 
Users  requiring  good  long  term  stability,  how¬ 
ever  have  less  information  available.  Long 
term’stabilfty  is  affected  by  frequency  drift, 
barometrl.  pressure  sensitivity,  temperature 


sensitivity  and  magnetic  Held  sensitivity. 

The  environmental  fa«  tors  have  been  measured  arid 
reported  previously  * .  This  report  will  show 
(in-  lt»nj»  term  frequency  changes  tor  masers  P9 
and  Data  tor  naser  Pll»  are  not  included  due 

In  the  breaks  in  t  fu  data  •  ansed  by  ion  pump  and 
diode  repairs. 


Figure  -a  shows  the  i  requen*  y  oi  i  set.  between 
masers  i*9  and  l’l.!  for  the  vear  l9Kn.  The  short 
breaks  are  missing  data.  The  large  frequency 
pimp  is  from  retuning  the  maser  cavities.  The 
initial  drift  rate  i  *;  about  jx  I 0”  l‘4/dav.  Taper¬ 
ing,  ot  t  slowlv  <>ver  tin*  period.  In  or  tier  to 
determitie  how  much  of  f.  fie  total  drift  can  be 
assigned  i"  ea«.h  maser  the  offsets  of  ea«  h  with 
respect  to  a  cesium  standard,  HP  r>i'bl/opt 
arc  given  in  t  i  pares  r>  and  A.  It  .an  be  seen 
that  both  masers  how  positive  frequency  drift 
witli  respe*  t  to  time.  Maser  P9  shows  a  drift 
of  less  than  I  •:  I0”1  ^/dyy  while  PI  2  has  a  rate 
starting  around  r>x  i 1  /da  y .  As  a  «  rosscheck 
the  t  r  eq  uc  in  y  offset  of  the  reference  cesium 
standard  with  respect  to  the  U.S.  Naval 
Observatory  time  scale  is  shown  in  figure 
7.  This  comparison  was  made  via  TV  line  ten  time 
transfer  using  WTTC  in  Washington.  While  this 
method  produced  noisy  data,  it  does  show  that 
the  drift  is  quite  low. 

A  further  reduction  of  the  Pi  2  data  is  possi¬ 
ble.  figure  8  is  a  plot  of  the  drift  rate  deter¬ 
mined  by  making  linear  fits  to  the  1  requency  for 
short  segments  of  the  data  in  figure  6.  Figure  b 
also  shows  the  results  of  two  cavity  tunings. 

Since  the  frequency  tends  to  return  to  the  saroe 
point  after  each  tuning  it  is  reasonable  to 
assume  that  most  of  the  drift  is  due  to  a  time 
dependent  change  in  cavity  tuning.  The  x  axis 
for  figure  8  is  labeled  to  indicate  the  elapsed 
time  since  the  final  assembly  and  mechanical 
loading  of  the  maser  cavity. 

The  cavity  tuning  data  from  the  logbooks  can 
be  used  to  independently  show  changes  in  cavity 
tuning  to  correlate  the  rate  and  source  of  the 
drift  in  the  output  frequency.  This  has  been 
done  for  masers  P9  and  P 1 2 .  Both  masers  have 
been  tuned  periodically.  The  cavity  tuning  was 
done  by  the  conventional  method  of  adjusting  the 
cavity  frequency  at  high  and  low  source  pressures 
to  locate  the  point  where  the  output  frequency 
is  pressure  independent.  Using  the  measured 
cavity  tuning  curves,  figure  9,  the  approximate 
change  in  cavity  frequency  can  be  found  for 
each  tuning.  An  equation  was  fit  to  each  tuning 
curve  to  convert  the  applied  diode  tuning  voltage 
to  cavity  frequency.  Using  these  relations  the 
logged  results  of  each  cavity  tuning  were  changed 
to  sets  of  cavity  frequencies.  The  starting 
point  for  each  curve  was  the  last  tuning  point 
at  SAO  prior  to  shipment.  This  was  arbitrarily 
assigned  as  the  reference  tuning  point.  Figure 
10  shows  the  relative  changes  in  cavity  tuning. 

As  In  figure  8  the  x  axis  is  scaled  in  time  since 
final  assembly.  The  points  shown  indicate  the 
changes  in  frequency  relative  to  the  1.4  NHz 
•enter  frequency.  The  corresponding  change  in 
the  maser  output  is  about  1.7x10“  12  for  every 
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li'i'  11/  t  .avitv  drift.  I'll  i  s  allows  a  more 
dire.  t  <  'mparison  in  the  rates  for  the  two  masers. 
Hu-  drift  rates  <ul>uluted  bv  this  method  a  re 
approximately  the  same  as  that  measured  for  tin* 
output  t  r eq u<* n<  i e s . 

There  has  been  some  discus.  ion  on  t  he  posst- 
h  le  ..mses  of  the  -  avitv  tuning  drift.  Based  on 
input  from  SAO  and  JPL,  the  most  probable  theory 
■  enters  on  the  mechanical  settling  of  the  joints 
in  v'erv  it  material  used  in  the  VLO-11  .avitv. 

The  frequency  changes  are  all  positive,  indi»  at  i  tu¬ 
rn  i  in  rease  in  cavity  frequency  and  so  a  dr.  ream- 
in  t  fie  size  of  the  entity.  Physically  this  ...old 
he  explained  by  a  compression  of  the  « avitv 
material,  Su*  h  a  compression  would  hi*  greatest  at 
tin  tine  .'!  initial  mechanical  lo.iding  and  should 
dec rease  ove r  time. 

There  i  no  ohvious  exp  la  n.it  i  on  tor  tin-  di  t  Ser¬ 
ein  e  in  tuning  drift  rates  for  these  two  masers. 

The  P  l J  data  is  lomparahte  t*>  saeasuremen  t  s  iron 
SA  on  m,is«  r  PI  3  h  and  dpi.  on  maser  Pis  NRL 
maser  i'li'  was  evaluated  at  dPI.  in  I98<»  *M.  Hie 
dritt  rate  at  that  time  was  on  the  order  ot 


Within  the  measurement  constraints  of  a 
c.-sium  reference  and  a  phase  resolution  of  .1 
nanose* ond  there  were  no  observahk*  effe.  ts  which 
.orrelated  with  environmental  factors,  n<.r  were 
anv  found  when  tomparing  the  masers  to  each 
other  through  the  same  measurement  svstem.  This 
m.iv  he  i  n  part  due  to  t.  orro  la  t  i  on  of  etfe.ts 
between  masers, 

SUMMARY 

Hie  VI. 0-11  masers  at  NRL  have  shown  signifi- 
.autlv  improved  reliability  over  older  designs, 
observed  problems  have  been  of  two  basic  types, 
electronic  and  ion  pump.  The  electronic  problems 
should  decrease  with  increasing  production  experi¬ 
ence  and  the  performance  ot  the  most  recently 
acquired  maser  bears  this  out.  The  ion  pump 
problem  is  a  more  difficult  matter,  common  not 
only  to  hydrogen  masers  but  also  to  cesium 
standards.  A  solution  may  come  from  the  space 
passive  maser  programs  at  NRt.  and  Hughes  Research 
Laboratory  •  A  getter  pump  has  been  developed 

for  the  spa.e  program  which  has  high  hydrogen 
capacity  while  requiring  no  high  voltage  power. 

A  small  Ion  pump  would  still  he  required  to  pump 
residual  gases,  but  should  have  a  long  life  since 
the  problems  of  flaking  associated  with  pumping 
hydrogen  would  be  eliminated.  There  is  also  the 
additional  benefit  of  reduced  stray  magnetic- 
fields  with  the  removal  of  the  large  ion  pump. 

NRl.  and  SAO  are  engaged  in  the  design  of  a  pump 
retrofit  modification  for  the  VLG-10/ll  masers 
to  use  the  getter  pump.  SAO  has  prior  experience 
with  getter  pumps  from  the  red  shift  space  probe 
maser  program  1*.  Preliminary  tests  have  been 
none  on  maser  PI  1  at  SAO. 

The  long  term  frequency  drift  is  of  concern 
to  timekeepers.  Since  this  is  a  smooth  pro* ess 
it  should  be  possible  to  mode  1  the  tuning  change. 


The  model  .mild  then  be  used  to  generate  a  peri- 
odi<  tuning  corre.tlon  to  offset  the  effe.ts  of 
tiu-  drift  .  This  would  have  the  advantage  of 
reducing  «  hanges  In  the  output  1  roquem  y  wit  flout 
the  need  for  a  full  tuning  procedure  .it  short 
i  jit  e  rva  1  s . 

The  authors  wish  t<.  thank  R.l  .  Yessot  and 
K.  Mat  ti  sou  of  SAf>  and  P .  Kuhnle  of  JIM.  f-.r 
their  •  <  >ope  ration  and  s  t  i  mu  la  t  i  ng  d  i  s«  uss  i  on  . 
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SUMMARY  OF  FAILURES/EVENTS  P9  FAILURES/EVENTS 


SOURCE 

PO 

P9 

P10 

P12 
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CIRCUIT 

PROBLEM 
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P10  FAILURES/EVENTS 


DATE 
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PROBLEM 
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3.  List  of  Maser  P10  Failures/Events 


4.  Frequency  Offset  of  Masers  P9  and  P12 
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3.  Frequency  Offset  of  Maser  P 9  vs  Cetium 


6.  Frequency  Offset  of  Maser  P12  va  Cesium 
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P12  vs  Cs  116  AGING  RATE 
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VLG-11  CAVITY  TUNING  CHANGE 


8.  Measured  Aging  Rate  for  Mas 
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9.  VLG-11  Cavity  Tuning 


10.  Cavity  Tuning  Change  for  Masers  P9  and  P 1 2 
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t  i  "ti  by  i  f -■  hi  pb  •  u’-f  .  laii'.  si/.-,  and  Inavv 
w*  i  j'L  t  ,  i  v-r  y  •- 1  i:,n  i  ;  i  ■  an  l  ••  J  f  ><r  t  be-  i  nil  •  x  - 
p*  :.  !•  i  al  mail  v  i  •  -  .  j  I  c  ! .  uni  -bv-  Inprnii'  labor. |- 

!  » :  i  >  ■  in  tin-  last  i.-v:  vars  i  "vn  t  In 

■  t  I.  1  •  ••  wi  t  bout  b  }-i  a  i  I II,-  t  b.-  St  a l»i  I  i  t  y. 

ii-  ;  ■  r  •  •  >  n  ?  pap'-i  s  .  p  -r  f  *:.  f  L.  [ir.i.'i  ■■■•■ 

I  i  v  i  i  ,  u  •  i  .  i  :  1  .  t  r  ’■!■  ai  •  ruount  ■  ! 

i  r  a  ■  •  i  v  ■  ivn  ■  >  •  «  i . '  i  hi  j  >•  i :  l  t  ■  •  a  -  :  ■  *  *  ’ 


list  illation  is  pr*s*nt  ml  an.l  tin'  « ■  f  1  •  •  •.:  t  of  suavity 
pulling  on  tin-  mas.-r  stability  i*-  c  on  s  i  h  ■  r  •  ■  <  1  .  At 
thr  I'xtreitn*  si/a1  r  <<luc  L  i  on  of  t:  1 1  <  *  "Kxt  r*'ri-*  1  y  Snail 
Hv  lroj’-  n  Mas-  r,"  tin  p*  r f orta.im: ••  achit-vabh-  an! 
tin*  corr-'spon*!  i ng  sixa-  an-1  wipbt  In  n.-fits  ar- 
v  oils  i  ilor-'sl  in  tin-  last  sort  inn. 


Small  Hy.irog.n  Masrr 

Kipurn  1  is  a  picture  of  tin  "Small  Hylrup.n 
Mas.-r"  which  is  presently  b.  inp  as  south  1  -".I .  Tin- 
instrumentation,  controls  and  ♦*  lie  t  ron  i  >  s  sui'- 
systems  Lave  been  l  omp  1  e  t.  ed  .  The  profess  i  tH;  of 
piivs  i «.  a  I  sill.  -  svs  t  eras  such  as  sourc*-,  sforape  bulb, 
c.ivitv  and  vacuum  eiu  lo-uir-  is  in  propr'-ss  at  L  h  i 
writ  m,-;;  tln-se  fit  within  tin-  blue  cvlind-  r  in  the 
center  of  tli*.'  framework. 

Tue  .•  1  .‘c  l  run  i .  s  su!>- sy st  -  :v  have  i > . ■  •  - n  pack- 
ap.-tl  in  functionally  separate  nodules,  each  o! 
wiiicii  nav  iiik  .i-areil  I  or  operational  t  *  •  s  t  i  m* 
without  d  i  sc  onnec  t  i  on  ol  pow-r.  Ih-  v  may  also  :>>■ 
remov'd,  repair*  1,  or  replaced  as  unit',  in  c a s • 
of  malfunction.  The  nodules  on  the  front  panei 
am:  1.  Vac-Ion  pump  supply;  this  is  a  Lm  -<h 

converter  which  provides  volts  for  tin-  pump. 

The  source  pressure  control  module  which,  auto¬ 
matically  regulates  hydrogen  flow,  h  Tin  r-  - 
ceiv.r  synthesizer;  this  supplies  t h •  •  A" '■  K!::* 
reference  frequ-uicy  for  tin-  receiver  plnise  lock 
loop  -  there  are  11  decades  of  control  which 
give  a  resol  u(  i-  »•  t>f  *  a  :<  1 0~  1  ^  for  t  he  output 
f  rerjin*nc  i  es  ,  A.  Tin-  r*'Ce  i  vc-r  VCO  and  output 
buffer  amplifiers,  S.  lie  reieiver  local 
oscillator  multiplier  am  IF  ampliti'-r  niodul-  , 

b .  TI :  •  module  containing  the  magnetic  t  i  ■  1  !  and 

c. ivitv  frequ'Micy  controls.  7.  The  i  ns  1  rumem  a- 
tien  rea«l-out  module.  There  ate  In  r-ad - ■  mt 
channels  which  ar.  s.-lecied  bv  A  binary  cod-  I 
swit'bes  to  provide  visu.il  i  nd  ieat  i  on  ot  va  r  i  - 
aid'  ••  <’ii  a  A  de.  a-le  digital  panel  m-  !-  r. 

Tin-  powi  i  supplv  ba~.  bet'n  placed  in  a  nod Vi-h ■ 
mount'd  at  the  f  ar  <»f  tin  trim".  Tie.  cov.-r  may 
l>.  i  «  m.  sv '  1 1  lot  I'.ang  i  ng  >  onii'-t  t  ions  or  t  r .  m  i  •  1  < 

•»!i  >ot  i  it;.'  wi  I  hoi  1 1  list,  ounci  t  i  ng  t  In  pow.-r  .  bat  t  ■ .  t  - 

i-  •>  to  'in  i  nt  erupt  ah  l  «■  *.t  an-lbv  .'pa  at  mu*,  an 

i  ••:*•-*  *  ■  - 1  i  at  t-ui  wit  .'lit  A  -  j  >  <  ■  w  ■  i  ,  a  .  ■  A-  L 

i  *  e.  m  '.'II  ■  r  ■  i  ■  * .  •  d  ■- :  I  n  will  !  »  -t  t  -u 

l  i  l  t  -i  '  >-it  ■  . 


Breadboard  Maser  Tests 

First  tests  of  a  breadboard  hydrogen  maser 
which  had  cavity  and  bulb  dimensions  similar  to 
the  prototype  maser  presently  under  construction 
indicated  that  the  maser  did  not  oscillate  at  the 
hydrogen  flux  available.  The  beam  was  observed 
using  pulsed  stimulated  emission.  After  opti¬ 
mizing  the  source  collimator  and  r  ..ligning  the 
beam  optics,  the  situation  was  improved,  but  the 
maser  still  would  not  quite  oscillate.  While  the 
breadboard  maser  oscillation  parameters  were  not 
as  ideal  as  might  be  achieved  wit  it  improved  tech¬ 
niques  of  bulb  anil  cavity  processing,  it  was  de- 
i  ided  to  try  a  new  method  of  cavity  Q  enhancement 
as  an  alternative  design  approach  to  assure  effi- 
i ient  operation  and  to  facilitate  tests.  This 
was  successful,  and  using  this  method  the  bread¬ 
board  maser  oscillated.  The  effect  on  maser 
stability  and  the  method  used  are  discussed  in 
the  following  sections. 

The  minimum  cavity  Q  for  oscillation  was 
approximately  1? 0,000,  the  hydrogen  flux  was 

’  x  10“''  Tor  r-  1  i  t  er /second  ,  and  the  line  Q  was 
H 

*  x  10  .  I'se  of  a  smaller  line  Q  in  the  proto¬ 
type  maser,  tnd  larger  bulb  aperture,  will  lower 
the  osl  illation  threshold  and  lessen  the  effect 
of  s p i n -•  xchange  in  reducing  oscillation 
amp  1  i t  ude . 


lav l ty  Fulling 

Factors  which  r-  late  to  the  resonant  cavity 
surrounding  the  maser  storage  bulb  are  most 
critical  iu  determining  whether  the  maser  will 
oscillate,  how  high  the  hydrogen  beam  flux  must, 
be,  and  to  what  extent  the  maser  output  frequency 
is  changed  by  cavity  pulling.  If  the  cavity 
changes  l>y  an  amount  *  fc,  the  oscillation 
trequ-n.y  will  change  by  at:  amount 

fn,  =  fc  •  Thus  we  would  like  to 

use  a  low  cavity  Q .  However,  the  flux  required 
for  osc i 1 1  a t i on ,  as  well  as  the  spin-exchange 
p'u.iKHfer,  vary  as  M /Qt- )  ,  so  too  low  a  cavity  Q 
r-euits  in  unreliable  operation,  i  >w  signal  to 
ti’ise  ratio,  a  r  •  qu  i  rem*  nt  for  high  flux,  and 
eariv  pump  saturat  ion.  So  *m<  is  forced  to  strike 
a  balance  between  achieving  a  practical  ostil- 
lat  mg  naser  and  attainment  of  tie-  best  long 
t  •■rtn  si  ah  ]  l  i  t  y  . 

In  th<  small  hydrogen  naser.  without  (.) 
enbun>.  e*.r«  nt  ,  th*  ratio  of  avity  m  f  o  line  ()  is 
approximate  !v  I  .  :<  1')  '  whi,-h  is  comparable  to 

f;.  vain-  attained  in  conventional  large  hydrogen 
mas.  rs.  If  a:,  t  iv*  *nhani  i-ment  hv  some  fai  tor 
i  -  ‘is*  :!  ,  tin  na  s .  ■ »  will  h»-  that  much  more 
s*  iisi  f  :  V'  t  •  cavity  frequency  . hanges.  Also, 
dep.-nd  1  eg  upon  t  he  technique  used,  there  may  be 
sev.-r*  •  i  *•<  1 1  on  i  •  >r  environmental  perturbations 
*f  f  he  r  output  fr*qu-inv. 

■.v > I  I  1  •  ;?  i  ■;  I*arlv  d-  sir.ibl*  t"  minimize 
th*-  irinmt  q  <’•  •  ■nh.in*  .-m*  n  t  > : •  *1 .  I  h*  small  ratio 
>1  f  •  i,’],  a  *  w*  11  a  ••  t  h.e  h-w  .avity  thermal 

f  f  t .  i  ,-n  t  ,  permits  q  f  ■  >  r  a  i  sod  s  i  gn  i  f  i  •  ant  |  >. 


while*  still  maintaining  good  long  term  stability, 
providing  some  of  the  problems  inherent  in  previ¬ 
ous  attempts  to  use  Q  enhancement  can  bo  avoided. 


Active  Cavity  Q  Enhancement 

Figure  2  illustrates  two  approaches  to  hydro¬ 
gen  maser  cavity  Q  enhancement.  Figure  2a  illus¬ 
trates  the  methods  described  in  references  (4)  and 
( r> ) .  Two  coupling  loops  are  used  and  coax:?l 
cable  connects  these  to  a  variable  gain  amplifier, 
a  band -pass  filter,  and  a  phase  matching  circuit 
so  that  a  signal  of  proper  amplitude  and  phase  is 
returned  to  the  cavity  to  reduce  the  losses.  The 
amplifier,  filter,  phase  matching  network,  and 
coaxial  connections  are  outside  the  thermally  con¬ 
trolled  and  shielded  region  of  the  maser  cavity. 
The  inherent  mechanical,  thermal,  and  electronic 
perturbations  inherent  in  this  method  introduce 
unacceptable  frequency  perturbations  for  use  as  a 
standard.  Wang^  has  added  a  cavity  stabilization 
servo  to  avoid  these  problems,  however,  this 
entails  additional  complexity,  as  well  as  new 
per t  urbat ions . 

Figure  2b  illustrates  the  method  developed 
for  use  in  the  small  hydrogen  maser.  In  this 
case,  a  transistor  amplifier  is  coupled  dir  ctly 
to  a  single  loop  within  the  maser  cavity.  The 
phase  and  gain  parameters  are  adjusted  by  varying 
the  bias  voltage.  The  circuit  is  mounted  on  the 
cavity  adjacent  to  the  magnetic  shield.  Using 
swept  frequency  methods,  the  enhanced  cavity 
resonance  is  measured  just  as  in  a  conventional 
maser  cavity  without  gain.  The  signal  is  detected 
through  a  separate,  independent,  loop  using  very 
light  coupling.  It  should  be  emphasized  that  the 
only  real  difference  between  these  two  figures  is 
that  there  are  no  RF  components,  other  than  the 
output  connection,  outside  the  maser  inner 
magnetic  shield  in  Figure  2b.  Thus  one  may 
achieve  the  degree  of  thermal  and  mechanical 
stability  typical  of  a  single  cavity  structure. 


F.xtremely  Small  Hydrogen  Maser 

If  active  cavity  Q  . nhancement  is  to  he  used, 
the  usual  restrictions  on  c a v i t y  size  are  great  ly 
reduced.  Iu  fact,  by  reducing  cavity  size,  one  of 
the  most  difficult  problems  can  be  eliminated.  In 
a  large  eavitv  there  are  numerous  high  Q  resonant 
modes.  To  avoid  spurious  oscillations  one  must 
coup  1  *■  only  to  the  proper  mode,  or  assure  that  th*1 
gain  at  extraneous  resonance  frequencies  is  small. 
This  can  be  accomplished  by  a  band-pass  filtir  in 
th**  conventional  method  of  figure  2a,  or  by  proper 
eon l  i gurat  ion  of  the  cavity  and  judicious  ori.ii- 
lat  ion  of  (lit  coupling  loop  in  the  method  of 
1 i gui *  2b. 


A  much  I*  -l  tel  wav  is  to  make  t  h. 

■  ‘Hough  that  '.he  only  mode  within  the 
the  i  ivitv  amplifier  is  the  <»n*  de>it 
hydrogen  frequfinv.  A  eavitv  4  inch. 
2  i  n.  Iu  - •*  «!  i ame t  *.  - r  ,  with  bulb  1  i iu  li  i 
having  •*  1  *-c  t  rod.- v  -  on  figure.!  a<  m  t« 
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may  be  made  reaonant  in  the  proper  node,  and 
extraneoua  reaonances  are  an  octave  or  more 
higher  in  frequency.  A  teat  cavity  of  copper, 
with  a  quarts  tube,  which  closely  approximated 
the  desired  physical  shape  and  electrical  para¬ 
meters,  has  been  measured.  The  loaded  Q  ranged 
from  5,000  with  no  active  gain,  to  over  50,000 
with  gain,  and  could  be  controlled  by  bias 
voltage  variation  within  this  range.  There  were 
no  other  resonances  within  the  1,800  MHz  maximum 
frequency  of  the  instrumentation. 

The  line  Q  of  a  maser  with  a  one  inch 
diameter  bulb  would  be  about  A  x  10  ,  extrapolat¬ 
ing  from  the  2  inch  diameter  bulb  of  the  SHM  or 
the  5  inch  diameter  bulb  typical  of  large  hydro¬ 
gen  masers.  With  an  enhanced  cavity  Q  of  24,000, 
the  pulling  factor  is  only  6  x  10“5.  The  thresh¬ 
old  for  oscillation  will  go  down  directly  as  the 
bulb  diameter,  so  less  hydrogen  flux  will  be  re¬ 
quired.  The  spin  exchange  parameter  will  remain 
essentially  unchanged  from  that  of  larger  masers. 
Of  course,  the  intrinsic  accuracy  will  be  about  a 
factor  of  5  worse  than  that  of  large  hydrogen 
masers,  so  use  as  a  fundamental  standard  is  not 
anticipated,  but  where  the  requirement  is  for 
exceptional  stability  for  periods  up  to  a  few 
days  or  a  few  weeks,  the  ESHM  nay  be  very  useful. 

Figure  3  is  a  drawing  which  illustrates  the 
remarkable  size  reduction  that  may  be  accomplish¬ 
ed.  This  shows  the  "physics  package"  of  a  design 
which  is  only  5  inches  in  diameter  and  10  inches 
in  length.  This  is  also,  most  likely,  the  small¬ 
est  practical  size,  since  the  source  assembly  is 
about  the  size  of  the  cavity,  and  may  not  be 
reduced  significantly  without  encountering  dia- 
sociator  problems.  The  pump  and  the  required 
electronics  are  also  comparable  in  weight  and 
size  to  the  physics  package,  thus  there  is  little 
motivation  to  further  reduce  the  physics  package 
size . 


Stability  Goals 

Figure  4  illustrates  the  stability  goals  for 
the  "Extremely  Small  Hydrogen  Maser,"  as  well  as 
the  expected  performance  of  the  "Small  Hydrogen 
Maser."  For  reference,  the  stability  currently 
realized  with  typical  good  conventional  large 
hydrogen  masers  is  shown. 

Though  the  stability  of  the  SKM  (or  the 
ESHM)  has  not  yet  been  measured,  there  is  a  good 
basis  for  predicting  what  it  should  be  if  we 
achieve  cavity  stability  similar  to  that  which 
is  obtained  with  analogous  electro-mechanical 
oscillators  under  optimum  environmental  con¬ 
ditions.  It  should  be  emphasized  that  the  hydro¬ 
gen  maser  may  be  viewed  as  a  device  which  improves 
upon  the  stability  of  a  cavity  resonator  by  the 
ratio  of  line  Q  to  cavity  Q  -  typically  about 
a  factor  of  107. 

Theoretical  noise  limits  do  not  provide  a 
good  basis  for  estimating  the  stability  of  a 
gain-enhanced  cavity  system  because  long  term 


systematic  variables  or  the  degree  of  environ¬ 
mental  isolation  achieved  are  the  predominant 
considerations.  Consideration  of  the  performance 
of  devices  such  as  super-conducting  cavity  stabi¬ 
lized  oscillators,  or  crystal  oscillators,  which 
depend  directly  on  gross  physical  dimensions  just 
as  a  microwave  cavity  does,  give  a  very  optimistic 
view  of  the  stability  potential  for  a  maser  with 
enhanced  cavity  Q.  For  example,  improvement  by  a 
factor  of  6  x  10~^  over  the  stability  of  a  very 
good  crystal  oscillator  would  give  stabilities 
in  the  10'^  range  (other  limits,  such  as  per¬ 
turbing  noise  or  additive  noise,  would  actually 
be  encountered  before  this  level  is  achieved.) 

Thus  the  simple  addition  of  an  amplifier  in  a 
cavity  loop  does  not  inherently  make  the  system 
unstable  in  frequency.  There  is,  therefore,  a 
very  good  basis  for  predicting  the  stabilities 
illustrated  in  figure  4  for  the  "Extremely  Small 
Hydrogen  Maser"  as  well  as  for  the  "Small 
Hydrogen  Maser." 


Cone lu st on 

The  work  reported  herein  has  been  undertaken 
to  demonstrate  that  the  excellent  stability  pro¬ 
perties  of  a  good  hydrogen  maser  may  be  achieved 
with  practical  masers  which  are  an  order  of  magni¬ 
tude  smaller  and  lighter  than  the  conventional 
large  maser.  The  present  results  and  considera¬ 
tions  provide  an  excellent  basis  for  confidence 
that  this  goal  may  be  attained. 
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Figure  1.  Small  Hydrogen  Maser. 


Figure  2.  Cavity  Active  Q  Enhancement  Methods. 


EXTREMELY  SMALL  HYDROGEN  MASER 


Figure  3.  Extremely  Small  Hydrogen  Maser. 
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Summary 

This  paper  is  a  review  of  frequency  stability 
measurement  techniques  and  of  noise  properties  of 
frequency  sources. 

First,  a  historical  development  of  the  useful¬ 
ness  of  spectrum  analysis  and  time  domain  measure¬ 
ments  will  be  presented.  Then  the  rationale  will 
be  stated  for  the  use  of  the  two-sample  (Allan) 
variance  rather  than  the  classical  variance. 
Next,  a  range  of  measurement  procedures  will  be 
outlined  with  the  trade-offs  given  for  the  various 
techniques  employed.  Methods  of  interpreting  the 
measurement  results  will  be  given.  In  particular, 
the  five  commonly  used  noise  models  (white  PM, 
flicker  PM,  white  FM,  flicker  FM,  and  random  walk 
FM)  and  their  causes  will  be  discussed.  Methods 
of  characterizing  systematics  will  also  be  given. 
Confidence  intervals  on  the  various  measures  will 
be  discussed.  In  addition,  we  will  point  out 
methods  of  Improving  this  confidence  Interval  for 
a  fixed  number  of  data  points. 

Topics  will  be  treated  in  conceptual  detail. 
Only  light  (fundamental)  mathematical  treatment 
will  be  given. 

Although  traditional  concepts,  will  be  de¬ 
tailed,  two  new  topics  will  be  introduced  in  this 
paper:  (1)  accuracy  limitations  of  digital  and 
computer-based  analysis  and  (2)  optimizing  the 
results  from  a  fixed  set  of  input  data. 

The  final  section  will  be  devoted  to  funda¬ 
mental  (physical)  causes  of  noise  in  commonly  used 
frequency  standards.  Also  transforms  from  time  to 
frequency  domain  and  vice-versa  will  be  given. 

Key  Words.  Frequency  stability;  Oscillator  noise 
modeling;  Power  law  spectrum;  Time-domain  sta¬ 
bility;  Frequency-domain  stability;  White  noise; 
Flicker  noise. 

Introduction 

Precision  oscillators  play  an  important  role 
in  high  speed  communications,  navigation,  space 
tracking,  deep  space  probes  and  in  numerous  other 
Important  applications.  In  this  paper,  we  will 
review  some  precision  methods  of  measuring  the 
frequency  and  frequency  stability  of  precision 
oscillators.  Development  of  topics  does  not  rely 
heavily  on  mathematics.  The  equipment  and  set-up 
for  stability  measurements  are  outlined.  Examples 
and  typical  results  are  presented.  Physical 


interpretations  of  common  noise  processes  are 
discussed.  A  table  Is  provided  by  which  typical 
frequency  domain  stability  characteristics  nay  be 
translated  to  time  domain  stability  characteristics 
and  vice-versa. 

I.  THE  SINE  WAVE  AND  STABILITY 

A  sine  wave  signal  generator  produces  a 
voltage  that  changes  in  time  in  a  sinusoidal  way 
as  shown  in  figure  1.1.  The  signal  is  an  oscil¬ 
lating  signal  because  the  sine  wave  repeats  itself. 
A  cycle  of  the  oscillation  is  produced  in  one 
period  “T".  The  phase  is  the  angle  'V  within  a 
cycle  corresonding  to  a  particular  time  “t". 


FIGURE  1.1 

It  is  convenient  for  us  to  express  angles  in 
radians  rather  than  in  units  of  degrees,  and 
positive  zero-crossings  will  occur  at  even  mul¬ 
tiples  of  n-radians.  The  frequency  "vM  is  the 
number  of  cycles  in  one  second,  which  is  the 
reciprocal  of  period  (seconds  per  cycle).  The 
expression  describing  the  voltage  "V"  out  of  a 
sine  wave  signal  generator  is  given  by  V(t)  =  Vp 
sin  [P(t)]  where  Vp  is  the  peak  voltage  amplitude. 
Equivalent  expressions  are 

V(t>  -  Vp»in  ^2* 


and 

V(t)  =  Vp  sin  (2nut) . 

Consider  figure  1.2.  Let's  assume  that  the  maximum 
value  of  "V"  equals  1,  hence  "Vp"  =  1.  We  say 
that  the  voltage  "V(t.)"  is  normalized  to  unity. 
If  we  know  the  frequency  of  a  signal  and  if  the 
signal  is  a  sine  wave,  then  we  can  determine  the 
incremental  change  in  the  period  "T"  (denoted  by 
At)  at  a  particular  angle  of  phase. 


"Frequency  stability  is  the  degree  to  which 
an  oscillating  signal  produces  the  same  value 
of  frequency  for  any  Interval,  At,  throughout 
a  specified  period  of  time". 

Let's  examine  the  two  waveforms  shown  in 
figure  1.3.  Frequency  stability  depends  on  the 
amount  of  time  involved  in  a  measurement.  Of  the 
two  oscillating  signals,  it  is  evident  that  "2"  is 
more  stable  than  "1“  from  time  tt  to  t2  assuming 
the  horizontal  scales  are  linear  in  time. 


FIGURE  1.2 

Note  that  no  matter  how  big  or  small  At  may  be,  we 
can  determine  AV.  Let  us  look  at  this  from  another 
point  of  view.  Suppose  we  can  measure  A V  and  At. 
From  this,  there  is  a  sine  wave  at  a  unique  minimum 
frequency  corresponding  to  the  given  AV  and  At. 
For  infinitesimally  small  At,  this  frequency  is 
called  the  instantaneous  frequency  at  this  t.  The 
smaller  the  interval  At,  the  better  the  approxi¬ 
mation  of  instantaneous  frequency  at  t. 

When  we  speak  of  oscillators  and  the  signals 
they  produce,  we  recognize  that  an  oscillator  has 
some  nominal  frequency  at  which  it  operates.  The 
"frequency  stability"  of  an  oscillator  is  a  term 
used  to  characterize  the  frequency  fluctuations  of 
the  oscillator  signal.  There  is  no  formal  defini¬ 
tion  for  "frequency  stability".  However,  one 
usually  refers  to  frequency  stability  when  com¬ 
paring  one  oscillator  with  another.  As  we  shall 
see  later,  we  can  define  particular  aspects  of  an 
oscillator's  output  then  draw  conclusions  about 
Its  relative  frequency  stability.  In  general 
terms, 
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FIGURE  1.3 

From  time  tt  to  t2,  there  may  be  some  question  as 
to  which  of  the  two  signals  is  more  stable,  but 
it's  clear  that  from  time  t2  to  tj,  signal  "1"  is 
at  a  different  frequency  from  that  in  interval  t2 
to  t2. 

If  we  want  an  oscillator  to  produce  a  parti¬ 
cular  frequency  vQ,  then  we're  correct  in  stating 
that  if  the  oscillator  signal  frequency  deviates 
from  Vp  over  any  interval,  this  is  a  result  of 
something  which  is  undesirable.  In  the  design  of 
an  oscillator,  it  is  important  to  consider  the 
sources  of  mechanisms  which  degrade  the  oscil¬ 
lator's  frequency  stability.  All  undesirable 
mechanisms  cause  random  (noise)  or  systematic 
processes  to  exist  along  with  the  sine  wave  signal 
of  the  oscillator.  To  account  for  the  noise 
components  at  the  output  of  a  sine  wave  signal 
generator,  we  can  express  the  output  as 

V(t)  =  [VQ  ♦  e(t)]  sin  !.2w0t  ♦  »(t)}.  (1. 1) 
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where  VQ  =  nominal  peak  voltage  amplitude, 

c(t)  s  deviation  of  amplitude  from  nominal, 

Vg  r  nominal  fundamental  frequency, 

4(t)  =  deviation  of  phase  from  nominal. 

Ideally  "e"  and  "0"  should  equal  zero  for  all 
time.  However,  in  the  real  world  there  are  no 
perfect  oscillators.  To  determine  the  extent  of 
the  noise  components  "r."  and  "0",  we  shall  turn 
our  attention  to  measurement  techniques. 

The  typical  precision  oscillator,  of  course, 
has  a  very  stable  sinusoidal  voltage  output  with  a 
frequency  u  and  a  period  of  oscillation  T,  which 
is  the  reciprocal  of  the  frequency  (v  =  1/T).  One 
goal  is  to  measure  the  frequency  and/or  the  fre¬ 
quency  stability  of  the  sinusoid.  Instability  is 
actually  measured,  but  with  little  confusion  it  is 
often  called  stability  in  the  literature.  Natur¬ 
ally,  fluctuations  in  frequency  correspond  to 
fluctuations  in  the  period.  Almost  all  frequency 
measurements,  with  very  few  exceptions,  are  mea¬ 
surements  of  phase  or  of  the  period  fluctuations 
in  an  oscillator,  not  of  frequency,  even  though 
the  frequency  may  be  the  readout.  As  an  example, 
most  frequency  counters  sense  the  zero  (or  near 
zero)  crossing  of  the  sinusoidal  voltage,  which  is 
the  roint  at  which  the  voltage  is  the  most  sensi- 
t've  to  phase  fluctuations. 

One  must  also  realize  that  any  frequency 
measurement  involves  two  oscillators.  In  some 
instances,  one  oscillator  is  in  the  counter.  It 
is  impossible  to  purely  measure  only  one  oscil¬ 
lator.  In  some  instances  one  oscillator  may  be 
enough  better  than  the  other  that  the  fluctuations 
measured  may  be  considered  essentially  those  of 
the  latter.  However,  in  general  because  frequency 
measurements  are  always  dual,  it  is  useful  to 
define: 

v.  " 

y  (t)  =  1  -  °  (1.2) 

0 

as  the  fractional  frequency  difference  or  deviation 
of  oscillator  one,  ut,  with  respect  to  a  reference 
oscillator  uQ  divided  by  the  nominal  frequency  vQ. 
Now,  y(t)  is  a  dimensionless  quantity  and  useful 


in  describing  oscillator  and  clock  performance; 
e.g.,  the  time  deviation,  x(t),  of  an  oscillator 
over  a  period  of  time  t,  is  simply  given  by: 

t 

x(t)  =  J  y(t')dt'  (1.3) 
0 

Since  it  is  impossible  to  measure  instantaneous 
frequency,  any  frequency  or  fractional  frequency 
measurement  always  involves  some  sample  time.  At 
or  "1" — some  time  window  through  which  the  oscil¬ 
lators  are  observed;  whether  it's  a  picosecond,  a 
second,  or  a  day,  there  is  always  some  sample 
time.  So  when  determining  a  fractional  frequency, 
y(t),  in  fact  what  is  happening  is  that  the  time 
deviation  is  being  measured  say  starting  at  some 
time  t  and  again  at  a  later  time,  t  +  t.  The 
difference  in  these  two  time  deviations,  divided 
by  t  gives  the  average  fractional  frequency  over 
that  period  t: 

y(t)  =  ^  t-ll-Xt)  (1.4) 

Tau,  t,  may  be  called  the  sample  time  or  averaging 
time;  e.g. ,  it  may  be  determined  by  the  gate  time 
of  a  counter. 

What  happens  in  many  cases  is  that  one  samples 
a  number  of  cycles  of  an  oscillation  during  the 
preset  gate  time  of  a  counter;  after  the  gate  time 
has  elapsed,  the  counter  latches  the  value  of  the 
number  of  cycles  so  that  it  can  be  read  out, 
printed,  or  stored  in  some  other  way.  Then  there 
is  a  delay  time  for  such  processing  of  the  data 
before  the  counter  arms  and  starts  again  on  the 
next  cycle  of  the  oscillation.  During  the  delay 
time  (or  process  time),  information  is  lost.  We 
have  chosen  to  call  it  dead  time  and  in  some 
instances  it  becomes  a  problem.  Unfortunately  for 
data  processing  in  typical  oscillators  the  effects 
of  dead  time  often  hurt  most  when  it  is  the  hardest 
to  avoid.  In  other  words,  for  times  that  are 
short  compared  to  a  second  when  it  is  very  dif¬ 
ficult  to  avoid  dead  time,  that  is  usually  where 
dead  time  can  make  a  significant  difference  in  the 
data  analysis.  Typically  for  many  oscillators,  if 
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the  sample  time  is  long  compared  to  a  second,  the 
dead  time  makes  little  difference  in  the  data 
analysis,  unless  it  is  excessive.*  New  equipment. 

or  techniques  are  now  available  which  contribute 

2 

zero  or  negligible  dead  time. 

In  reality,  of  course,  the  sinusoidal  output 
of  an  oscillator  is  not  pure,  but  it  contains 
noise  fluctuations  as  well.  This  section  deals 
with  the  measurement  of  these  fluctuations  to 
determine  the  quality  of  a  precision  signal  source. 

We  will  describe  five  different  methods  of 
measuring  the  frequency  fluctuations  in  precision 
osci 1 lators. 

1. 1  Common  Methods  of  Measuring  Frequency  Sta- 
bi  1 i ty 

A.  Beat  frequency  method 

The  first  system  is  called  a  heterodyne 
frequency  measuring  method  or  beat  frequency 
method.  The  signal  from  two  independent  oscil¬ 
lators  are  fed  into  the  two  ports  of  a  double 
balanced  mixer  as  illustrated  in  figure  1.4. 


FIGURE  1.4 

The  difference  frequency  or  the  beat  frequency, 
u^,  is  obtained  as  the  output  of  a  low  pass  filter 
which  follows  the  mixer.  This  beat  frequency  is 
then  amplified  and  fed  to  a  frequency  counter  and 
printer  or  to  some  recording  device.  The  frac¬ 
tional  frequency  is  obtained  by  dividing  \>b  by  the 
nominal  carrier  frequency  uQ.  This  system  has 
excellent  precision;  one  can  measure  essentially 
all  state-of-the-art  oscillators. 


B.  Dual  mixer  time  difference  (DTMD)  system 
This  system  shows  some  significant  promise  and 
has  just  begun  to  be  exploited.  A  block  diagram  is 
shown  is  figure  1. 5. 

OWL  RISK  1I«  DIFFtKK  STSTBI 


FIGURE  1.5 

To  preface  the  remarks  on  the  DMTD,  it  should  be 
mentioned  that  if  the  time  or  the  time  fluctua¬ 
tions  can  be  measured  directly,  an  advantage  is 
obtained  over  just  measuring  the  frequency.  The 
reason  is  that  one  can  calculate  the  frequency 
from  the  time  without  dead  time  as  well  as  know 
the  time  behavior.  The  reason,  in  the  past,  that 
frequency  has  not  been  inferred  from  the  time  (for 
sample  times  of  the  order  of  several  seconds  and 
shorter)  is  that  the  time  difference  between  a 
pair  of  oscillators  operating  as  clocks  could  not 
be  measured  with  sufficient  precision  (commercially 
the  best  that  is  available  is  10-"  seconds).  The 
system  described  in  this  section  demonstrates  a 
precision  of  10-13  seconds.  Such  precision  opens 
the  door  to  making  time  measurements  as  well  as 
frequency  and  frequency  stability  measuements  for 
sample  times  as  short  as  a  few  milliseconds  and 
longer,  all  without  dead  time. 

In  figure  1.5,  oscillator  1  could  be  con¬ 
sidered  under  test  and  oscillator  2  could  be 
considered  the  reference  oscillator.  These  signals 
go  to  the  ports  of  a  pair  of  double  balanced 
mixers.  Another  oscillator  with  separate  symmetric 
buffered  outputs  is  fed  to  the  remaining  other  two 


A  4 


ports  of  the  pair  of  double  balanced  mixers.  This 
common  oscillator's  frequency  is  offset  by  a 
desired  amount  from  the  other  two  oscillators. 
Then  two  different  beat  frequencies  come  out  of 
the  two  mixers  as  shown.  These  two  beat  frequen¬ 
cies  will  be  out  of  phase  by  an  amount  proportional 
to  the  time  difference  between  oscillator  1  and 
2 — excluding  the  differential  phase  shift  that  may 
be  inserted.  Further,  the  beat  frequencies  differ 
in  frequency  by  an  amount  equal  to  the  frequency 
difference  between  oscillators  1  and  2. 

This  measurement  technique  is  very  useful 
where  one  has  oscillator  1  and  oscillator  2  on  the 
same  frequency.  This  is  typical  for  atomic  stan¬ 
dards  (cesium,  rubidium,  and  hydrogen  frequency 
standards). 

Illustrated  at  the  bottom  of  figure  1.5  is 
what  might  represent  the  beat  frequencies  out  of 
the  two  mixers.  A  phase  shifter  may  be  inserted 
as  illustrated  to  adjust  the  phase  so  that  the  two 
beat  rates  are  nominally  in  phase;  this  adjustment 
sets  up  the  nice  condition  that  the  noise  of  the 
common  oscillator  tends  to  cancel  (for  certain 
types  of  noise)  when  the  time  difference  is  deter¬ 
mined.  After  amplifying  these  beat  signals,  the 
start  port  of  a  time  interval  counter  is  triggered 
with  the  positive  zero  crossing  of  one  beat  and 
the  stop  port  with  the  positive  zero  crossing  of 
the  other  beat.  Taking  the  time  difference  be¬ 
tween  the  zero  crossings  of  these  beat  frequencies, 
one  measures  the  time  difference  between  oscillator 
1  and  oscillator  2,  but  with  a  precision  which  has 
been  amplified  by  the  ratio  of  the  carrier  fre¬ 
quency  to  the  beat  frequency  (over  that  normally 
achievable  with  this  same  time  interval  counter). 
The  time  difference  x(1)  for  the  ith  measurement 
between  oscillators  1  and  2  is  given  by  eq  (1.5). 


Vo 


(1.5) 


where  At(i)  is  the  ith  time  difference  as  read  on 
the  counter,  x^  is  the  beat  period,  vQ  is  the 
nominal  carrier  frequency,  ♦  is  the  phase  delay  in 
radians  added  to  the  signal  of  oscillator  1,  and  k 
is  an  integer  to  be  determined  in  order  to  remove 


the  cycle  ambiguity.  It  is  only  important  to  know 
k  if  the  absolute  time  difference  is  desired;  for 
frequency  and  frequency  stability  measurements  and 
for  time  fluctuation  measurements,  k  may  be  assumed 
zero  unless  one  goes  through  a  cycle  during  a  set 
of  measurements.  The  fractional  frequency  can  be 
derived  in  the  normal  way  from  the  time  fluctua¬ 
tions. 


yl,2(i>  T)  =  1 


vx(i,  t)  -  v>2(i,  t) 


*0  1  I}.'  A  il 
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(1.6) 


At(i  +  1)  -  At(i) 

.  V  vo 


In  eqs  (1.5)  and  (1.6),  assumptions  are  made 
that  the  transfer  (or  common)  oscillator  is  set  at 
a  lower  frequency  than  oscillators  1  and  2,  and 
that  the  voltage  zero  crossing  of  the  beat  o,  -  \>c 
starts  and  that  v2  -  vc  stops  the  time  interval 
counter.  The  fractional  frequency  difference  may 
be  averaged  over  any  integer  multiple  of  x^: 


-y  ■ 8(1  •  a;  »(l>  M 

where  m  is  any  positive  integer.  If  needed,  xb 
can  be  made  to  be  very  small  by  having  very  high 
beat  frequencies.  The  transfer  (or  common)  oscil¬ 
lator  may  be  replaced  with  a  low  phase-noise 
frequency  synthesizer,  which  derives  its  basic 
reference  frequency  from  oscillator  2.  In  this 
set-up  the  nominal  beat  frequencies  are  simply 
given  by  the  amount  that  the  output  frequency  of 
the  synthesizer  is  offset  from  v2.  Sample  times 
as  short  as  a  few  milliseconds  are  easiliy  ob¬ 
tained.  Logging  the  data  at  such  a  rate  can  be  a 
problem  without  special  equipment.  The  latest  NBS 
time  scale  measurement  system  is  based  on  the  DMTD 
and  is  yielding  an  excellent  cost  benefit  ratio. 

C.  Loose  phase  lock  loop  method 

This  first  type  of  phase  lock  loop  method  is 
illustrated  in  figure  1.6.  The  signal  from  an 
oscillator  under  test  is  fed  into  one  port  of  a 
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mixer.  The  signal  from  a  reference  oscillator  is 
fed  into  the  other  port  of  this  mixer.  The  signals 
are  in  quadrature,  that  is,  they  are  90  degrees  out 


FIGURE  1.6 

of  phase  so  that  the  average  voltage  out  of  the 
mixer  is  nominally  zero,  and  the  instantaneous 
voltage  fluctuations  correspond  to  phase  fluc¬ 
tuations  rather  than  to  amplitude  fluctuations 
between  the  two  signals.  The  mixer  is  a  key 
element  in  the  system.  The  advent  of  the  Schottky 
barrier  diode  was  a  significant  breakthrough  in 
making  low  noise  precision  stability  measurements. 
The  output  of  this  mixer  is  fed  through  a  low  pass 
filter  and  then  amplified  in  a  feedback  loop, 
causing  the  voltage  controlled  oscillator  (refer¬ 
ence)  to  be  phase  locked  to  the  test  oscillator. 
The  attack  time  of  the  loop  is  adjusted  such  that 
a  very  loose  phase  lock  (long  time  constant) 
condition  exists.  This  is  discussed  later  in 
section  VIII. 

The  attack  time  is  the  time  it  takes  the 
servo  system  to  make  70%  of  its  ultimate  correction 
after  being  slightly  disturbed.  The  attack  time 
is  equal  to  l/nwh,  where  w^  is  the  servo  bandwidth. 
If  the  attack  time  of  the  loop  is  about  a  second 
then  the  voltage  fluctuations  will  be  proportional 
to  the  phase  fluctuations  for  sample  times  shorter 
than  the  attack  time.  Depending  on  the  coeffi¬ 
cient  of  the  tuning  capacitor  and  the  quality  of 
the  oscillators  involved,  the  amplification  used 
may  vary  significantly  but  may  typically  range 
from  40  to  80  dB  via  a  good  low  noise  amplifier. 
In  turn  this  signal  can  be  fed  to  a  specturm 
analyzer  to  measure  the  Fourier  components  of  the 
phase  fluctuations.  This  system  of  frequency- 
domain  analysis  is  discussed  in  sections  VIII  to  X. 


It  is  of  particular  use  for  sample  times  shorter 
than  one  second  (for  Fourier  frequencies  greater 
than  1  Hz)  in  analyzing  the  characteristics  of  an 
oscillator.  It  is  specifically  very  useful  if  one 
has  discrete  side  bands  such  as  60Hz  or  detailed 
structure  in  the  spectrum.  How  to  characterize 
precision  oscillators  using  this  technique  will  be 
treated  in  detail  later  in  section  IX  and  XI. 

One  may  also  take  the  output  voltage  from  the 
above  amplifier  and  feed  it  to  an  A/D  converter. 
This  digital  output  becomes  an  extremely  sensitive 
measure  of  the  short  term  time  or  phase  fluctua¬ 
tions  between  the  two  oscillators.  Precisions  of 
the  order  of  a  picosecond  are  easily  achievable. 

D.  Tight  phase  lock  loop  method 

The  second  type  of  phase  lock  loop  method 
(shown  in  figure  1.7)  is  essentially  the  same  as 
the  first  in  figure  1.6  except  that  in  this  case 
the  loop  is  in  a  tight  phase  lock  condition;  i.e., 
the  attack  time  of  the  loop  should  be  of  the  order 
of  a  few  milliseconds.  In  such  a  case,  the  phase 
fluctuations  are  being  integrated  so  that  the 
voltage  output  is  proportional  to  the  frequency 


FIGURE  1.7 

fluctuations  between  the  two  oscillators  and  is  no 
longer  proportional  to  the  phase  fluctuations  for 
sample  times  longer  than  the  attack  time  of  the 
loop.  A  bias  box  is  used  to  adjust  the  voltage  on 
the  varicap  to  a  tuning  point  that  is  fairly 
linear  and  of  a  reasonable  value.  The  voltage 


fluctuations  prior  to  the  bias  box  (biased  slightly 
away  from  zero)  may  be  fed  to  a  voltage  to  fre¬ 
quency  converter  which  in  turn  is  fed  to  a  fre¬ 
quency  counter  where  one  may  read  out  the  frequency 
fluctuations  with  great  amplification  of  the 
instabilities  between  this  pair  of  oscillators. 
The  frequency  counter  data  are  logged  with  a  data 
logging  device.  The  coefficient  of  the  varicap 
and  the  coefficient  of  the  voltage  to  frequency 
converter  are  used  to  determine  the  fractional 
frequency  fluctuations,  y.,  between  the  oscil¬ 
lators,  where  i  denotes  the  i^*1  measurement  as 
shown  in  figure  1.7.  It  is  not  difficult  to 
achieve  a  sensitivity  of  a  part  in  1014  per  Hz 
resolution  of  the  frequency  counter,  so  one  has 
excellent  precision  capabilities  with  this  system. 

E .  Time  difference  method 

The  1 ast  measurement  method  we  wi 1 1  illustrate 
is  very  commonly  used,  but  typically  does  not  have 
the  measurement  precision  more  readily  available 
in  the  first  four  methods  illustrated  above.  This 
method  is  called  the  time  difference  method,  and 
is  shown  in  figure  1.8.  Because  of  the  wide 


Tim#  Interval  Counur 


FIGURE  1.8 

bandwidth  needed  to  measure  fast  rise-time  pulses, 
this  method  is  limited  in  signal-to-noise  ratio. 
However,  some  counters  are  commercially  available 
allowing  one  to  do  signal  averaging  or  to  do 
precision  rise-time  comparison  (precision  of  time 
difference  measurements  in  the  range  of  10  ns  to 
10  ps  are  now  available).  Such  a  method  yields  a 
direct  measurement  of  x(t)  without  any  translation, 


conversion,  or  multiplication  factors.  Caution 
should  be  exercised  in  using  this  technique  even 
if  adequate  measurement  precision  is  available 
because  it  is  not  uncommon  to  have  significant 
instabilities  in  the  frequency  dividers  shown  in 
figure  1.8--of  the  order  of  several  nanoseconds. 
The  technology  exists  to  build  better  frequency 
dividers  than  are  commonly  available,  but  manufac¬ 
turers  have  not  yet  availed  themselves  of  state-of- 
the-art  techniques  in  a  cost  beneficial  manner.  A 
trick  to  by-pass  divider  problems  is  to  feed  the 
oscillator  signals  directly  into  the  time  interval 
counter  and  observe  the  zero  voltage  crossing  into 
a  well  matched  impedance.  (In  fact,  in  all  of  the 
above  methods  one  needs  to  pay  attention  to  impe¬ 
dance  matching,  cable  lengths  and  types,  and  con¬ 
nectors).  The  divided  signal  can  be  used  to 
resolve  cycle  ambiguity  of  the  carrier,  otherwise 
the  carrier  phase  at  zero  volts  may  be  used  as  the 
time  reference.  The  slope  of  the  signal  at  zero 
volts  is  2nVp/i,,  where  =  1/u,  (the  period  of 
oscillation).  For  Vp  =  1  volt  and  a  5  MHz  signal, 
this  slope  is  3m  volts7ns,  which  is  a  very  good 
sensitivity. 

II.  MEASUREMENT  METHODS  COMPARISON 

When  making  measurements  between  a  pair  of 
frequency  standards  or  clocks,  it  is  desirable  to 
have  less  noise  in  the  measurement  system  than  the 
composite  noise  in  the  pair  of  standards  being 
measured.  This,  places  stringent  requirements  on 
measurement  systems  as  the  state-of-the-art  of 
precision  frequency  and  time  standards  has  advanced 
to  its  current  level.  As  will  be  shown,  perhaps 
one  of  the  greatest  areas  of  disparity  between 
measurement  system  noise  and  the  noise  in  current 
standards  is  in  the  area  of  time  difference  mea¬ 
surements.  Commercial  equipment  can  measure  time 
differences  to  at  best  10-11s,  but  the  time  fluc¬ 
tuations  second  to  second  of  state-of-the-art 
standards  is  as  good  as  10-I3s. 

The  disparity  is  unfortunate  because  if  time 
differences  between  two  standards  could  be  measured 
with  adequate  precision  then  one  may  also  know  the 
time  fluctuations,  the  frequency  differences,  and 
the  frequency  fluctuations.  In  fact,  one  can  set 


Hierachy 

Example  of 
Measurement 

Data  deducible 

from  the  measurement 

Status 

Method 

time 

dtime 

Freq. 

fiFreq. 

1 

Dual  Mixer  Time  Diff. 
or 

Time  Interval  Counter 

6  x(t.l)  = 
x  (t  *  I)-x(t) 

y(t.i)  = 

l 

6  y(t.t)= 
y(t*i.t)-y(t,t) 

2 

Loose  Phase- locked 
reference  oscillator 

can1 t  measure 

6  x(t.T)  = 

• 

'* 

3 

Heterodyne  or  beat 
frequency 

can1 t  measure 

can' t  measure 

fy(t,t)  |  = 
ubeat 
vo 

■ 

4 

Tight  phase- locked 
reference  oscillator 

can't  measure 

can1 t  measure 

can1 t  measure 

6  y(t,i)  = 
c  -6V 

TABLE  2.1 


Measurement  liM  Time  frequency  Frequency  Advantage*  Disadvantages  Approximate 

Method  accuracy  stability  accuracy  *taP11ity  Co*t 

{ 1  <lay ) 


Dual  Mixer 

Time  Difference  ~100ps  0  Ip*  -10-" 


No  dead  time,  Many  choose 
sample  time  {la*  to  a* 
large  a*  de*1r%d\,  oscil¬ 
lators  aay  be  at  zero  beat 
or  different,  eeesurement 
bandwidth  easily  changed, 
■aatureaent  noise  typically 
below  oscillator*  noise  for 
tauM*  and  longer,  measures 
times.  time  stability, 
frequency,  and  frequency, 
stab! I Ity. 


More  complex  than  other  aethods. 
and  hence  1*  aore  suceptable  to 
extraniou*  signal  pickup.  »  g.  . 
ground  loops:  :he  tiae  difference 
1*  aodu)o  the  beat  periou,  eg  . 
200ns  t  5MMz. 


TiM  Interval 
Counter 

'lOOps 

lOps 

>10-1* 

Wide  bandwidth  input  allows 
a  variety  of  slgna's. 
staple  to  use,  cycle  ambi- 
guity  alaost  never  a  pro- 

Measurement  noise  typicaly 
in  excess  of  oscillator 
instabilities  for  tau  values 
up  to  and  of  the  order  of 

1  to  7 

blea,  Measures  tiae.  tiae 

stability,  frequency,  and 
frequency  stability 

several  thousand  seconds, 
hence,  typically  not  useful 
for  short  term  stability 
analysis. 

loose  Phase- 

lock  reference*  — 

-0. lps 

depends  on 

>1  10-n 

Useful  for  short  tera  tiae 
stability  analysis  as  well 
as  spectria  analysis. 

Calibration  depends  on  appro¬ 
priate  reference  oscillator 
varicap  curve  characteristics. 

*1 

oscillator 

cal ibration  of 
varicap  curve 

x  i-‘ 

excellent  phase  sensiti¬ 
vity-typical  ly  better  than 
most  oscillators. 

Heterodyne  or 

Beat  Frequency  — 

-10- ••  *1.10-‘S 
x  I-' 

Meesureaent  noise  can 
typically  be  aade  less  than 
oscillator  instabilities 
for  tau  =1*  and  longer. 

Minimum  tau  determined  by 
period  of  beet  frequency - 
typically  not  adjustable;  can  0.2  to 

not  compare  oscillators  near 
zero  beat;  cannot  tell  which 
oscillator  it  high  or  low  In 
frequency;  dead  time  often 
associated  with  these  measure¬ 
ments 

right  phase- 

locked  reference*  —  — 

Meesureaent  noise  typically 
less  than  oscillator  insta¬ 

Need  voltage  controlled 
reference  oscillator;  frequency 

-1. 10-1* 

bilities  for  tau^ls  And 

sensitivity  Is  a  function  of  varicap  <1 

oscl lletor 

x  t-‘ 

longer,  good  aeasureaent 
systea  band-width  control; 

dead  ttaa  can  be  made  small 

tuning  curve,  hence  not  conducive  to 
measuring  absolute  frequency  differ¬ 
ences. 

or  negligible. 


'Assume*  reference  oscillator  I*  available  to  the  aetroTogTiT? 


TABLE  2  2 
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up  an  interesting  hierarchy  of  kinds  of  measurement  Figure  2.1  is  a  diagram  indicating  the 

systems:  1)  those  that  can  measure  time,  x(t);  2)  sample  time  regions  over  which  the  various  methods 
those  that  can  measure  changes  in  time  or  time 
fluctuations  6x(t);  3)  those  that  can  measure 

frequency,  v(y  ?  (v>-oo)/vo);  and  4)  those  that  can 
measure  changes  in  frequency  or  frequency  fluctua¬ 
tions,  6v  (6y  s  6v/\>0).  As  depicted  in  table  2.1, 
if  a  measurement  system  is  of  status  1  in  this 
hierarchy,  i.e.,  it  can  measure  time,  then  time 
fluctuations,  frequency  and  frequency  fluctuations 
can  be  deduced.  However,  if  a  measurement  system 
is  only  capable  of  measuring  time  fluctuations 
(status  2  -  table  2.1),  then  time  cannot  be  de¬ 
duced,  but  frequency  and  frequency  fluctuations 
can.  If  frequency  is  being  measured  (status  3  - 
table  2.1),  then  neither  time  nor  time  fluctuations 
may  be  deduced  with  fidelity  because  essentially 
all  commercial  frequency  measuring  devices  have 
"dead  time"  (technology  is  at  a  point  where  that 
is  changing  with  fast  data  processing  speeds  that 
are  now  available).  Dead  time  in  a  frequency 
measurement  destroys  the  opportunity  of  integrating  FIGURE  2.1 

the  fractional  frequency  to  get  to  “true"  time  are  most  appropriately  applied.  The  large  diago- 

f luctuations.  Of  course,  if  frequency  can  be  nally  oriented  area  indicates  the  typical  noise 

measured,  then  trivially  one  may  deduce  the  fre-  limits  of  the  measurement  technique  (at  particular 

quency  fluctuations.  Final’y,  if  a  system  can  values  of  sample  time  indicated  on  the  horizontal 

only  measure  frequency  fluctuations  (status  4  -  scale), 

table  2.1),  then  neither  time,  nor  time  fluctua¬ 
tions,  nor  frequency  can  be  deduced  from  the  data.  III.  CHARACTERIZATION 

If  the  frequency  stability  s  the  primary  concern  Given  a  set  of  data  of  the  fractional  fre- 

then  one  may  be  perfectly  hippy  to  employ  such  a  quency  or  time  fluctuations  between  a  pair  of 

measurement  system,  and  simi!arly  for  the  other  oscillators,  it  is  useful  to  characterize  these 

statuses  in  this  measurement  hierarchy.  Obviously,  fluctuations  with  reasonable  and  tractable  models 

if  a  measurement  method  of  Status  1  could  be  of  performance.  In  so  doing  for  many  kinds  of 

employed  with  state-of-the-art  precision,  this  oscillators,  it  is  useful  to  consider  the  flucua- 

would  provide  the  greatest  flexibility  in  data  tions  as  those  that  are  random  (may  only  be  pre¬ 
processing.  From  section  1,  the  dual  mixer  time  dieted  statistically)  and  those  that  are  non- 

difference  system  is  purpo-ted  to  be  such  a  method.  random  (e.g.  ,  systematics — -  those  that  are  environ- 

Table  2.2  is  a  comparison  of  these  different  mentally  induced  or  those  that  have  a  causal 

measurement  methods.  The  values  entered  are  effect  that  can  be  determined  and  in  many  cases 

nominal;  there  may  be  unique  situations  where  can  be  predicted), 

significant  departures  are  observed.  The  time  and 

frequency  stabilities  listed  are  the  nominal  3.1  Non-random  Fluctuations 

second  to  second  rms  values.  The  accuracies  Non-random  fluctuations  are  usually  the  main 

listed  are  taken  in  an  absolute  sense.  The  costs  cause  of  departure  from  "true"  time  or  "true" 
listed  are  nominal  estimates  in  1981  dollars.  frequency. 
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If,  for  example,  one  has  the  values  of  the 
frequency  over  a  period  of  time  and  a  frequency 
offset  from  nominal  is  observed,  one  may  calculate 
directly  that  the  phase  error  will  accumulate  as  a 
ramp.  If  the  frequency  values  show  some  linear 
drift  then  the  time  fluctuations  will  depart  as  a 
quadratic.  In  almost  all  oscillators,  the  above 
systematics,  as  they  are  sometimes  called,  are  the 
primary  cause  of  time  and/or  frequency  departure. 
A  useful  approach  to  determine  the  value  of  the 
frequency  offset  is  to  calculate  the  simple  mean 
of  the  set,  or  for  determining  the  value  of  the 
frequency  drift  by  calculating  a  linear  least 
squares  fit  to  the  frequency.  A  least  squares 
quadratic  fit  to  the  phase  or  to  the  time  deriva¬ 
tive  is  typically  not  as  efficient  an  estimator  of 
the  frequency  drift  for  most  oscillators. 

3. 2  Random  Fluctuations 

After  calculating  or  estimating  the  systematic 
or  non-random  effects  of  a  data  set,  these  may  be 
subtracted  from  the  data  leaving  the  residual 
random  fluctuations.  These  can  usually  be  best 
characterized  statistical )y.  It  is  often  the  case 
for  precision  oscillators  that  these  random  fluc¬ 
tuations  may  be  well  modeled  with  power  law  spec¬ 
tral  densities.  This  topic  is  discussed  later  in 
sections  VIII  to  X.  We  have 

Sy(f)  =  hafa,  (3.1) 

where  Sy(f)  is  the  one-sided  spectral  density  of 
the  fractional  frequency  fluctuations,  f  is  the 
Fourier  frequency  at  which  the  density  is  taken, 
h  is  the  intensity  coefficient,  and  a  is  a  number 

Of 

modeling  the  most  appropriate  power  law  for  the 
data.  It  has  been  shown^'^  that  in  the  time 
domain  one  can  nicely  represent  a  power  law  spec¬ 
tral  density  process  using  a  well  defined  time- 
domain  stability  measure,  oy(t),  to  be  explained 
in  the  next  section.  For  example,  if  one  observes 
from  a  log  oy2(i)  versus  x  diagram  a  particular 
slope  (call  it  p)  over  certain  regions  of  sample 
time,  t,  this  slope  has  a  correspondence  to  a 
power  law  spectral  density  or  a  set  of  the  same 
with  some  amplitude  coefficient  h  .  In  particular. 


p  =  -a  -1  for  -3  <  a  <1  and  p  ~  -2  for  1  <  a. 
Further  a  correspondence  exists  between  hQ  and  the 
coefficient  for  o  (t).  These  coefficients  have 
been  calculated  and  appear  in  section  XI.  The 
transformations  for  some  of  the  more  common  power 
law  spectral  densities  have  been  tabulated  making 
it  quite  easy  to  transform  the  frequency  stability 
modeled  in  the  time-domain  over  to  the  frequency 
domain  and  vice  versa.  Examples  of  some  power-law 
spectra  that  have  been  simulated  by  computer  are 
shown  in  figure  3.1.  In  descending  order  these 

POWER  UW  SPECTRA 


Her’ 


FIGURE  3.1 

have  been  named  white  noise,  flicker  noise,  random 
walk,  and  flicker  walk  (the  ui  in  fig.  3.1  is 
angular  Fourier  frequency,  uj  =  2/if). 

Once  the  noise  characteristics  have  been 
determined,  one  is  often  able  to  deduce  whether 
the  oscillators  are  performing  properly  or  not  and 
whether  they  are  meeting  either  the  design  speci¬ 
fications  or  the  manufacturers  specifications. 
For  example  a  cesium  beam  frequency  standard  or  a 
rubidium  gas  cell  frequency  standard  when  working 
properly  should  exhibit  white  frequency  noise, 
which  is  the  same  as  random  walk  phase  (or  time) 
for  tau  values  of  the  order  of  a  few  seconds  to 
several  thousand  seconds  (see  also  sec.  XI). 

IV.  ANALYSIS  OF  TIME  DOMAIN  DATA 

Suppose  now  that  one  is  given  the  time  or 
frequency  fluctuations  between  a  pair  of  precision 
oscillators  measured,  for  example,  by  one  of  the 
techniques  outlined  in  section  I,  and  a  stability 
analysis  is  desired.  Let  this  comparison  be 
depicted  by  figure  4.1.  The  minimum  sample  time 
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is  determined  by  the  measurement  system.  If  the 
time  difference  or  the  time  fluctuations  are 
available  then  the  frequency  or  the  fractional 
frequency  fluctuations  may  be  calculated  from  one 
period  of  sampling  to  the  next  over  the  data 
length  as  indiciated  in  figure  4.1.  Suppose 
further  there  are  M  values  of  the  fractional 
frequency  y..  Now  there  are  many  ways  to  analyze 
these  data.  Historically,  people  have  typically 
used  the  standard  deviation  equation  shown  in 
figure  4.1,  ostd  ^  (x),  where  y  is  the  average 
fractional  frequency  over  the  data  set  and  is 
subtracted  from  each  value  of  y.  before  squaring, 
summing  and  dividing  by  the  number  of  values  minus 
one,  (M-l),  and  taking  the  square  root  to  get  the 
standard  deviation.  At  NBS,  we  have  studied  what 
happens  to  the  standard  deviation  when  the  data 
set  may  be  characterized  by  power  law  spectra 
which  are  more  dispersive  than  classical  white 
noise  frequency  fluctuations.  In  other  words,  if 
the  fluctuations  are  characterized  by  flicker 
noise  or  any  other  non-white-noise  frequency 
deviations,  what  happens  to  the  standard  deviation 
for  that  data  set?  One  can  show  that  the  standard 
deviation  is  a  function  of  the  number  of  data 
points  in  the  set;  it  is  also  a  function  of  the 
dead  time  and  of  the  measurement  system  bandwidth. 
For  example,  using  flicker  noise  frequency  modula¬ 
tion  as  a  model,  as  the  number  of  data  points 
increases,  the  standard  deviation  monotonical  ly 
increases  without  limit.  Some  statistical  measures 
have  been  developed  which  do  not  depend  upon  the 
data  length  and  which  are  readily  usable  for 
characterizing  the  random  fluctuations  in  precision 
oscillators.  An  IEEE  subcommittee  on  frequency 
stability  has  recommended  what  has  come  to  be 
known  as  the  "Allan  variance"  taken  from  the  set 
of  useful  variances  developed,  and  an  experimental 
estimation  of  the  square  root  of  the  Allan  vari¬ 
ance  is  shown  as  the  bottom  right  equation  in 
figure  4.1.  This  equation  is  very  easy  to  imple¬ 
ment  experimentally  as  one  simply  need  add  up  the 
squares  of  the  differences  betwee-'  adjacent  values 
of  y. ,  divide  by  the  number  of  them  and  by  two,  and 
take  the  square  root.  One  then  has  the  quantity 
which  the  IEEE  subcommittee  has  recommended  for 


specification  nf  stability  in  the  time  domain — 
denoted  by  oy(r ). 

°y(T)=4  (y(t+t)  *  y(t))2^)  (4.1) 

where  the  brackets  "<>"  denote  infinite  time 
average.  In  practice  this  is  easily  estimated 
from  a  finite  data  set  as  follows: 


oy(i)  ? 


1 

2(M-1) 


M-l 

E 


(4.2) 


where  the  y^  are  the  discrete  frequency  averages 
as  illustrated  in  figure  4.1. 


”sio  «ft  » 


■S>, 


-TPT- 

z 

1-1 


biir1!* 


FIGURE  4.1 

A  simulated  plot  of  the  time  fluctuations,  x(t) 
between  a  pair  of  oscillators  and  of  the  corres¬ 
ponding  fractional  frequencies  calculated  from  the 
time  fluctuations  each  averaged  over  a  sample  time 
t.  At  the  bottom  are  the  equations  for  the  stan¬ 
dard  deviation  (left)  and  for  the  time-domain 
measu  e  of  frequency  stability  as  recommended  by 
the  IEEE  subcommittee  on  frequency  stability 
(right). 

One  would  like  to  know  how  oy(t)  varies  with 
the  sample  time,  x.  A  simple  trick  that  one  can 
use  that  is  very  useful  if  there  is  no  dead  time, 
is  to  average  the  previous  values  for  y^  and  y^ 
and  call  that  a  new  yj  averaged  over  2i,  similarly 
average  the  previous  values  for  y^  and  y^  and  call 
that  a  new  y^  averaged  over  2t  etc.,  and  finally 
apply  the  same  equation  as  before  to  get  oy(2t). 
One  can  repeat  this  process  for  other  desired 
integer  multiples  of  t  and  from  the  same  data  set 
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be  able  to  generate  values  for  ay(mi)  as  a  function 
of  mx  from  which  one  may  be  able  to  infer  a  model 
for  the  process  that  is  characteristic  of  this 
pair  of  oscillators.  If  one  has  dead  time  in  the 
measurements  adjacent  pairs  cannot  be  averaged  in 
an  unambiguous  way  to  simply  increase  the  sample 
time.  One  has  to  retake  the  data  for  each  new 
sample  time--often  a  very  time  consuming  task. 
This  is  another  instance  where  dead  time  can  be  a 
problem. 

How  the  classical  variance  (standard  deviation 
squared)  depends  on  the  number  of  samples  is  shown 
in  figure  4.2.  Plotted  i  the  ratio  of  the  stan¬ 
dard  deviation  squared  for  N  samples  to  the  stan¬ 
dard  deviation  squared  for  2  samples;  <c2(2,x)>  is 
the  same  as  the  Allan  variance,  oy2( x).  One  can 
see  the  dependence  of  the  standard  deviation  upon 
the  number  of  samples  for  various  kinds  of  power 


FIGURE  4.2 

The  ratio  of  the  time  average  of  the  standard 
deviation  squared  for  N  samples  over  the  time 
average  of  a  two  sample  standard  deviation  squared 
as  a  function  of  the  number  of  smaples,  N.  The 
ratio  is  plotted  for  various  power  law  spectra) 
densities  that  commonly  occur  in  precision  oscil¬ 
lators.  The  figure  illustrates  one  reason  why  the 
standard  deviation  is  not  a  convenient  measure  of 
frequency  stability;  i.e.  it  may  be  very  important 
to  specify  how  many  data  points  are  in  a  data  set 
if  you  use  the  standard  deviation. 


law  spectral  densities  commonly  encountered  as 
reasonable  models  for  many  important  precision 
oscillators.  Note,  oy2(x)  has  the  same  value  as 


the  classical  variance  for  the  classical  noise 
case  (white  noise  FM).  One  main  point  of  figure 
4.2  is  simply  to  show  that  with  the  increasing 
data  length  the  standard  deviation  of  the  common 
classical  variance  is  not  well  behaved  for  the 
kinds  of  noise  processes  that  are  very  often 
encountered  in  most  of  the  precision  oscillators 
of  interest. 

One  may  combine  eq  (1.4)  and  eq  (4.1),  which 
yields  an  equation  for  Oy(x)  in  terms  of  the  time 
difference  or  time  deviation  measurements. 

Oyd)  (x(t+2x )  -  2x(t+t )  ♦  x(t))2V  , 

(4.3) 


which  for  N  discrete  time  readings  may  be  estimated 
as , 


Oy(T)  S 


2(N-2)t 


N-2 

E  (*i+2  '  2Vl 


V* 


(4.4) 


where  the  i  denotes  the  number  of  the  reading  in 
the  set  of  N  and  the  nominal  spacing  between 
readings  is  x.  If  there  is  no  dead  time  in  the 
data  and  the  original  data  were  taken  with  the  x's 
spaced  by  ro>  we  can  pick  r  in  eq  (4.4)  to 
be  any  integer  multiple  of  xQ,  i.e.,  t  =  mio: 


°y<HT0)  ? 


1*5 


2Vm  +  V2 


(4.5) 


Equation  (4.5)  has  some  interesting  consequences 
because  of  the  efficient  data  usage  in  terms  of 
the  confidence  of  the  estimate  as  will  be  explained 
in  the  next  section. 

EXAMPLE:  Find  the  Allan  variance,  oy2(x),  of  the 

following  sequence  of  fractional  fre¬ 
quency  fluctuation  values  y^,  each  value 
averaged  over  one  second. 


'1 


4.36  x  10- s 


y 2  =  4.61  x  10-s 


y5  =  4.47  x  10-5 
y6  =  3.96  x  10-s 
=  4.10  x  10-s 


|F  J  -  V.  XV  XV  y-J 

y4  =  4.21  x  10-s 
(assume  no  dead-time  in  measurement  of  averages) 


y0  =  3.08  x  10-5 
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Since  each  average  of  the  fractional  frequency 
fluctuation  values  is  for  one  second,  then  the 
first  variance  calculation  will  be  at  t  =  Is.  We 
are  given  M  =  8  (eight  values);  therefore,  the 
number  of  pairs  in  sequence  is  M-l  =  7.  We  have: 


V.  CONFIDENCE  OF  THE  ESTIMATE  AND  OVERLAPPING 

SAMPLES4 

One  can  imagine  taking  three  phase  or  time 
measurements  of  one  oscillator  relative  to  another 
at  equally  spaced  intervals  of  time.  From  this 
phase  data  one  can  obtain  two,  adjacent  values  of 
average  frequency.  From  these  two  frequency  mea¬ 
surements,  one  can  calculate  a  single  sample  Allan 
(or  two-sample)  variance  (see  fig.  5.1).  Of 
course  this  variance  does  not  have  high  precision 
or  confidence  since  it  is  based  on  only  one  fre¬ 
quency  difference. 


£l  <y“+i 


yk)2  =  4.51  x  10-10 


i  —ale—  a  — ei 


Therefore, 

02(ls)  =  *  3.2  x  10-" 

and 

oy(t)  =  [o2(ls)]1’  =  [3.2  x  10- 1 1 31*  =  5.6  x  10-6 

Using  the  same  data,  one  can  calculate  the 
variance  for  t  =  2s  by  averaging  pairs  of  adjacent 
values  and  using  these  new  averages  as  data  values 
for  the  same  procedure  as  above.  For  three  second 
averages  (t  =  3s)  take  adjacent  threesomes  and 
find  their  averages  and  proceed  in  a  similiar 
manner.  More  data  must  be  acquired  for  longer 
averaging  times. 

One  sees  that  with  large  numbers  of  data 
values,  it  is  helpful  to  use  a  computer  or  program¬ 
mable  calculator.  The  confidence  of  the  estimate 
on  oy(t)  improves  nominally  as  the  square  root  of 
the  number  of  data  values  used.  In  this  example, 
M=8  and  the  confidence  can  be  expressed  as  being 
no  better  the  lA/iT  x  100%  =  35%.  This  then  is  the 
allowable  error  in  our  estimate  for  the  t  =  Is 
average.  The  next  section  shows  methods  of  com¬ 
puting  and  improving  the  confidence  interval. 


FIGURE  5.1 

Statisticians  have  considered  this  problem  of 
quantifying  the  variability  of  quantities  like  the 
Allan  Variance.  Conceptually,  one  could  imagine 
repeating  the  above  experiment  (of  taking  the 
three  phase  points  and  calculating  the  Allan 
Variance),  many  times  and  even  calculating  the 
distribution  of  the  values. 

For  the  above  cited  experiment  we  know  that 
the  results  are  distributed  like  the  statistician's 
chi-square  distribution  with  one  degree  of  freedom. 
That  is,  we  know  that  for  most  common  oscillators 
the  first  difference  of  the  frequency  is  a  normally 
distributed  variable  with  the  typical  bell-shaped 
curve  and  zero  mean.  However,  the  square  of  a 
normally  distributed  variable  is  NOT  normally 
distributed.  That  is  easy  to  see  since  the  square 
is  always  positive  and  the  normal  curve  is  com¬ 
pletely  symmetric  and  negative  values  are  as 
likely  as  positive.  The  resulting  distribution  is 
called  a  chi-square  distribution,  and  it  has  ONE 
"degree  of  freedom"  since  the  distribution  was 
obtained  by  considering  the  squares  of  individual 
(i.e. ,  one  independent  sample),  normally  distri¬ 
buted  variables. 

In  contrast,  if  we  took  five  phase  values, 
then  we  could  calculate  four  consecutive  frequency 
values,  as  in  figure  5.2.  We  could  then  take  the 
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FIGURE  5.2 

first  pair  and  calculate  a  sample  Allan  Variance, 
and  we  could  calculate  a  second  sample  Allan 
Variance  from  the  second  pair  (i.e.,  the  third  and 
fourth  frequency  measurements).  The  average  of 
these  two  sample  Allan  Variances  provides  an 
improved  estimate  of  the  "true"  Allan  Variance, 
and  we  would  expect  it  to  have  a  tighter  confidence 
interval  than  in  the  previous  example.  This  could 
be  expressed  with  the  aid  of  the  chi-square  distri¬ 
bution  with  TWO  degrees  of  freedom. 

However,  there  is  another  option.  We  could 
also  consider  the  sample  Allan  Variance  obtained 
from  the  second  and  third  frequency  measurements. 
That  is  the  middle  sample  variance.  How,  however, 
we're  in  trouble  because  clearly  this  last  sample 
Allan  Variance  is  NOT  independent  of  the  other 
two.  Indeed,  it  is  made  up  of  parts  of  each  of 
the  other  two.  This  does  NOT  mean  that  we  cant 
use  it  for  improving  our  estimate  of  the  "true" 
Allan  Variance,  but  it  does  mean  that  we  can't 
just  assume  that  the  new  average  of  three  sample 
Allan  Variances  is  distributed  as  chi-square  with 
three  degrees  of  freedom.  Indeed,  we  will  en¬ 
counter  chi-square  distributions  with  fractional 
degrees  of  freedom.  And  as  one  might  expect,  the 
number  of  degrees  of  freedom  wi 1 1  depend  upon  the 
underlying  noise  type,  that  is,  white  FM,  flicker 
FM,  or  whatever. 

Before  going  on  with  this,  it  is  of  value  to 
review  some  concepts  of  the  chi-square  distri¬ 
bution.  Sample  variances  (like  sample  Allan 
Variances)  are  distributed  according  to  the  equa¬ 
tion: 


X2 


li-fj-s* 

o3 


(5.1) 


where  S3  is  the  sample  Allan  Variance,  xl  is 


chi-square,  d.f.  is  the  number  of  degrees  of 
freedom  (possibly  not  an  integer),  and  o3  is  the 
"true"  Allan  Variance  we're  all  interested  in 
knowing--but  can  only  estimate  imperfectly. 
Chi-square  is  a  random  variable  and  its  distri¬ 
bution  has  been  studied  extensively.  For  some 
reason,  chi-square  is  defined  so  that  d.f.,  the 
number  of  degrees  of  freedom,  appears  explicitly 
in  eq  (5.1).  Still,  x2  is  a  (implicit) 
function  of  d. f . ,  also. 

The  probability  density  for  the  chi-square 
distribution  is  given  by  the  relation 


d.f. 

P(*2)  >— (XJ)2 


(5.2) 


where  is  the  gamma  function,  defined  by 

the  integral 


CD 

r  (t)  =  Jo  xt_1  e"x  dx  (5.3) 

Chi-square  distributions  are  useful  in  deter¬ 
mining  specified  confidence  intervals  for  variances 
and  standard  deviations.  Here  is  an  example. 
Suppose  we  have  a  sample  variance  s3  =  3.0  and  we 
know  that  this  variance  has  10  degrees  of  freedom. 
(Just  how  we  can  know  the  degrees  of  freedom  will 
be  discussed  shortly.)  Suppose  also  that  we  want 
to  know  a  range  around  our  sample  value  of  s3  =  3.0 
which  "probably"  contains  the  true  value,  o3.  The 
desired  confidence  is,  say,  90*.  That  is,  10*  of 
the  time  the  true  value  will  actually  fall  outside 
of  the  stated  bounds.  The  usual  way  to  proceed  is 
to  allocate  5*  to  the  low  end  and  5*  to  the  high 
end  for  errors,  leaving  our  90*  in  the  middle. 
This  is  arbitrary  and  a  specific  problem  might 
dictate  a  different  allocation.  We  now  resort  to 
tables  of  the  chi-square  distribution  and  find 
that  for  10  degrees  of  freedom  the  5*  and  95* 
points  correspond  to: 

X2( • 05)  =  3.94 

for  d.  f.  =  10  (5.4) 
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X2<  95)  =  18.3 


Thus,  with  90%  probability  the  calculated  sample 
variance,  s2 ,  satisfies  the  inequality: 

3.94  <  ^d  f'4's-  <  18.3  (5.5) 

0£ 

and  this  inequality  can  be  rearranged  in  the  form 
1.64  <.  o2  <  7.61  (5.6) 

or,  taking  square  roots: 

1.28  <  a  <  2.76  (5.7) 


The  problem  of  interest  here  is  to  obtain  the 
corresponding  equations  for  Allan  Variances  using 
overlapping  estimates  on  various  types  of  noise 
(i.e.  ,  white  FM,  flicker  FM,  etc. ). 

Other  authors  (Lesage  and  Audoin,  and 
Yoshimura)  have  considered  the  question  of  the 
variance  of  the  Allan  Variances  without  regard  to 
the  distributions.  This  is,  of  course,  a  closely 
related  problem  and  use  will  be  made  of  their 
results.  These  authors  considered  a  more  restric¬ 
tive  set  of  overlapping  estimates  than  will  be 
considered  here,  however. 


Now  someone  might  object  to  the  form  of 

eq  (5.7)  since  it  seems  to  be  saying  that 

the  true  sigma  falls  within  two  limits  with  90% 
probability.  Of  course,  this  is  either  true  or 
not  and  is  not  subject  to  a  probabilistic  inter¬ 
pretation.  Actually  eq  (5.7)  is  based  on 
the  idea  that  the  true  sigma  is  not  known  and  we 

estimate  it  with  the  square  root  of  a  sample 

variance,  s2.  This  sample  variance  is  a  random 
variable  and  is  properly  the  subject  of  probabil¬ 
ity,  and  its  value  (which  happened  to  be  3.0  in 
the  example)  will  conform  to  eq  (5.7)  nine 
times  out  of  ten. 

Typically,  the  sample  variance  is  calculated 
from  a  data  sample  using  the  relation: 


s2 


1 

N-l 


E  (X  n-  X)2 


n=l 


(5.8) 


where  it  is  implicitly  assumed  that  the  xn's  are 
random  and  uncorrelated  (i.e.,  white)  and  where  x 
is  the  sample  mean  calculated  from  the  same  data 
set.  If  all  of  this  is  true,  then  s2  is  chi-square 
distributed  and  has  N-l  degrees  of  freedom. 

Thus,  for  the  case  of  white  x and  a  conven- 

n 

tional  sample  variance  (i.e.,  eq  (5.8)),  the 
number  of  degrees  of  freedom  are  given  by  the 
equation: 


d.  f.  =  N-l 


(5.9) 


VI.  MAXIMAL  USE  OF  THE  DATA  AND  DETERMINATION  OF 
THE  DEGREES  OF  FREEDOM. 

6. 1  Use  of  Data 

Consider  the  case  of  two  oscillators  being 

compared  in  phase  and  exactly  N  values  of  the 

phase  difference  are  obtained.  Assume  that  the 

data  are  taken  at  equally  spaced  intervals,  tQ. 

From  these  N  phase  values,  one  can  obtain  N-l 

consecutive  values  of  average  frequency  and  from 

these  one  can  compute  N-2  individual,  sample  Allan 

Variances  (not  all  independent)  for  t  =  i  .  These 

N-2  values  can  be  averaged  to  obtain  an  estimate 

of  the  Allan  Variance  at  i  =  i  .  The  variance  of 

o 

this  variance  has  been  calculated  by  the  above 
cited  authors. 

Using  the  same  set  of  data,  it  is  also  possi¬ 
ble  to  estimate  the  Allan  Variances  for  integer 
multiples  of  the  base  sampling  interval,  x  =  nro- 
Now  the  possibilities  for  overlapping  sample  Allan 
Variances  are  even  greater.  For  a  phase  data  set 
of  N  points  one  can  obtain  exactly  N-2n  sample 

Allan  Variances  cor  t  =  nr  .  Of  course  only  a 

o 

fraction  of  these  are  generally  independent. 
Still  the  use  of  ALL  of  the  data  is  well  justified 
(see  fig.  6. 1). 

Consider  the  case  of  an  experiment  extending 
for  several  weeks  in  duration  with  the  aim  of 
getting  estimates  of  the  Allan  Variance  for  tau 
values  equal  to  a  week  or  more.  As  always  the 
purpose  is  to  estimate  reliably  the  "true"  Allan 
Variance  as  well  as  possible--that  is,  with  as 
tight  an  uncertainty  as  possible.  Thus  one  wants 
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FIGURE  G.  1 

to  use  the  data  as  efficiently  as  possible  since 
obtaining  more  data  can  be  very  expensive.  The 
most  efficient  use  is  to  average  all  possible 
sample  Allan  Variances  of  a  given  tau  value  that 
one  can  compute  from  the  data. 

The  problem  comes  in  estimating  how  tight  the 
confidence  intervals  really  are — that  is,  in  esti¬ 
mating  the  number  of  degrees  of  freedom.  Clearly, 
if  one  estimates  the  confidence  intervals  pessimi¬ 
stically,  then  more  data  is  needed  to  reach  a 
specified  tolerance,  and  that  can  be  expensive. 
The  other  error  of  over-confidence  in  a  question¬ 
able  value  can  be  even  more  expensive.  Ideally, 
one  has  realistic  confidence  estimates  for  the 
most  efficient  use  of  the  data,  which  is  the 
intent  of  this  writing. 


6.2  Determining  the  Degrees  of  Freedom 

In  principle,  it  should  be  possible  to  deter¬ 
mine  analytically  the  equations  corresponding  to 
eq  (5.9)  for  all  cases  of  interest.  Unfor¬ 
tunately  the  analysis  becomes  quite  complicated. 
Exact  computer  algorithms  were  devised  for  the 
cases  of  white  phase  noise,  white  frequency  modu¬ 
lation  and  random  walk  FM.  For  the  two  flicker 
cases  (l.e. ,  flicker  FM  and  PM)  a  completely 
empirical  approach  was  used.  Due  to  the  complexity 
of  the  computer  programs,  empirical  fits  were 
devised  for  all  five  noise  types. 


The  approach  used  is  based  on  three  equations 
relating  to  the  chi-square  distribution: 


X2  S2 

(dTfTT  "o7 

(6.1) 

ECx2]  =  d.f. 

(6.2) 

Var[X2  ]  =  2(d. f. ) 

(6.3) 

where  the  expression  E[x2 ]  means  the  "expectation," 
or  average  value  of  x.  Var[x2]  is  the  variance  of 
X2 ,  and  d.f.  is  the  number  of  degrees  of  freedom. 

A  computer  was  used  to  simulate  phase  data 
sets  of  some  length,  N,  and  then  Allan  Variances 
with  t  =  nt  were  calculated  for  all  possible 
samples.  This  "experiment"  was  repeated  at  least 
1000  times  using  new  simulated  data  sets  of  the 
same  spectral  type,  and  always  of  the  same  length, 
N.  Since  the  data  were  simulated  on  a  computer, 
the  "true"  Allan  Variance,  a2,  was  known  for  many 
of  the  noise  models  and  could  be  substituted  into 
eq  (6.1).  From  the  1000  values  of  s2/o2,  distri¬ 
butions  and  sample  variances  were  obtained.  The 
"experimental"  distributions  were  compared  with 
theoretical  distributions  to  verify  that  the 
observed  distributions  truely-  conformed  to  the 
chi-square  distribution. 

The  actual  calculation  of  the  degrees  of 
freedom  were  made  using  the  relation: 


d.  f. 


2(o2)2 

Var(s2) 


(6.4) 


which  can  be  deduced  from  eqs  (6.1),  (6.2), 
and  (6.3).  The  Var(s2)  was  estimated  by  the 
sample  variance  of  the  1000  values  of  the  average 
Allan  Variances,  each  obtained  from  a  phase  data 
set  of  length  N. 

Of  course  this  had  to  be  repeated  for  various 
values  of  N  and  n,  as  well  as  for  each  of  the  five 
common  noise  types:  white  PM,  flicker  PM,  white 
FM,  flicker  FM,  and  random  walk  FM.  Fortunately, 
certain  limiting  values  are  known  and  these  can  be 
used  as  checks  on  the  method.  For  example,  when 
(N-l)/2=n,  only  one  Allan  Variance  is  obtained 
from  each  data  set  and  one  should  get  about  one 
degree  of  freedom  for  eq  (6.4),  which  was  observed 
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in  fact.  Also  for  n=l  the  "experimental"  condi¬ 
tions  correspond  to  those  used  by  Lesage  and 
Audoin,  and  by  Yoshimura.  Indeed,  the  method  also 
was  tested  by  verifying  that  it  gave  results 
consistent  with  eq  (5.9)  when  applied  to  the 
conventional  sample  variance.  Thus,  combining  eq 
(6.4)  with  the  equations  for  the  variance  of  the 
Allan  Variances  from  Lesage  and  Audoin  and 
Yoshimura,  one  obtains: 


White  PM 
Flicker  PM 
White  FM 


Flicker  FM 
Random  Walk  FM 


d.  f. 


18(N-2)2 

35N-88 


d.f.  =  ? 


d.f. 


2(N-2)2 

3N-7 


d.f. 


_  2(N-2)2 
‘  2.3M-4.9 


d.f.  =  N-2 


for  N  >  4 


(6.5) 


for  n=l.  Unfortunately,  their  results  are  not 
totally  consistent  with  each  other.  Where  incon¬ 
sistency  arose  the  value  in  best  agreement  with 
the  "experimental"  results  was  chosen. 

The  empirical  equations  which  were  fit  to  the 
"experimental"  data  and  the  known  values  are 
summarized  below: 


White  PM  d.f.  s  ^(N-n)2^ 


Flicker  PM  d.f.  *  exp  (in  In 


White  FM  d.f.  s 


3(N-1)  2(N-2) 

2n  '  N 


(6.6) 

4n2 

4n2  +  5 


Flicker  FM  d.f.  s 


-?(*-2),.  f  j 

2.3N  -  4.9’  0 

5N2 

4n(N  +  3n)  ’  for  n  -  2 


Random  Walk  FM  d.f.  «  ^ 


The  figures  in  Appendix  I  demonstrate  the  fit  to 
the  "experimental"  data. 


It  is  appropriate  to  give  some  estimate  of 
just  how  well  these  empirical  equations  approach 
the  "true"  values.  The  equations  have  approxi¬ 
mately  (a  few  percent)  the  correct  assymptotic 
behavior  at  n=l  and  n=(N-l)/2.  In  between,  the 
values  were  tested  (using  the  simulation  results) 
over  the  range  of  N=5  to  N=1025  for  n=l  to 
n=(N-l)/2  changing  by  octaves.  In  general,  the 
fit  was  good  to  within  a  few  percent.  We  must 
acknowledge  that  distributional  problems  with  the 
random  number  generators  can  cause  problems, 
although  there  were  several  known  values  which 
should  have  revealed  these  problems  if  they  are 
present.  Also  for  three  of  the  noise  types  the 
exact  number  of  degrees  of  freedom  were  calculated 
for  many  values  of  N  and  n  and  compared  with  the 
“Monte  Carlo”  calculations.  The  results  were  all 
very  good. 

Appendix  I  presents  the  data  in  graphical 
form.  All  values  are  thought  to  be  accurate  to 
within  one  percent  or  better  for  the  cases  of 
white  PM,  white  FM,  and  random  walk  FM.  A  larger 
tolerence  should  be  allowed  for  the  flicker  cases. 

VII.  EXAMPLE  OF  TIME-DOMAIN  SIGNAL  PROCESSING  AND 

ANALYSIS 

We  will  analyze  in  some  detail  a  commercial 
portable  clock,  Serial  No.  102.  This  cesium  was 
measured  against  another  commercial  cesium  whose 
stability  was  well  documented  and  verified  to  be 
better  than  the  one  under  test.  Plotted  in  figure 
7.1  are  the  residual  time  deviations  after  removing 
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FIGURE  7.1 


a  mean  frequency  of  4.01  parts  in  10'3.  Applying 
the  methods  described  in  section  IV  and  section  V, 
we  generated  the  o  (t)  diagram  shown  in  figure 

7.2. 


FIGURE  7.2 

One  observes  that  the  last  two  points  are  propor¬ 
tional  to  i+1  and  one  is  suspicious  of  a  signifi¬ 
cant  frequency  drift. 

If  one  calculates  the  drift  knowing  that 

Oy(i)  is  equal  to  the  drift  times  ^  a  of 

1.22  x  10-M  per  day  is  obtained.  A  linear  least 

squares  to  the  frequency  was  removed  and  sections 

IV  and  V  were  applied  again.  The  linear  least 

squares  fit  showed  a  drift  of  1.23  x  10-1*  per 

day,  which  is  in  excellent  agreement  with  the 

previous  calculated  value  obtained  from  o^(x). 

Typically,  the  linear  least  squares  will  give  a 

much  better  estimate  of  the  linear  frequency  drift 

than  will  the  estimate  from  o  (t)  being  propor- 
+i  y 

tional  to  t 

Figure  7.3  gives  the  plot  of  the  time  resid¬ 
uals  after  removing  the  linear  least  squares  and 
figure  74  is  the  corresponding  0^(1)  vs.  1  dia¬ 
gram.  From  the  33  days  of  data,  we  have  used  the 
90%  confidence  interval  to  bracket  the  stability 
estimates  and  one  sees  a  reasonable  fit  corres¬ 
ponding  to  white  noise  frequency  modulation  at  a 
level  of  4.4  x  10- 11  t  .  This  seemed  excessive 
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in  terms  of  the  typical  performance  of  this  par¬ 
ticular  cesium  and  in  as  much  as  we  were  doing 
some  other  testing  within  the  environment,  such  as 
working  on  power  supplies  and  charging  and  dis¬ 
charging  batteries,  we  did  some  later  tests. 
rigure  7.5  is  a  plot  of  ay(0  after  the  standard 
had  been  left  alone  in  a  quiet  environment  and  had 
been  allowed  to  age  for  about  a  week.  One  ob¬ 
serves  that  the  white  noise  frequency  modulation 
level  is  more  than  a  factor  of  4  improved  over  the 
previous  data.  This  led  us  to  do  some  studies  on 
the  effects  of  the  power  supply  on  the  cesium  fre¬ 
quency  as  one  is  charging  and  discharging  bat¬ 
teries,  which  proved  to  be  significant.  One 
notices  in  figure  7.4  that  the  °y(t)  values  plotted 
are  consistent  within  the  error  bars  with  flicker 
noise  frequency  modulation.  This  is  more  typical 
of  the  kind  of  noise  one  would  expect  due  to  such 
environmental  perturbations  as  discussed  above. 

Careful  time-  and/or  frequency-domain  analy¬ 
ses  can  lead  to  significant  insights  into  problems 
and  their  solutions  and  is  highly  recommended  by 
the  authors.  The  frequency-domain  techniques  will 
be  next  approached. 

VIII  SPECTRUM  ANALYSIS 

Another  method  of  characterizing  the  noise  in 
a  signal  source  is  by  means  of  spectrum  analysis. 
To  understand  this  approach,  let's  examine  the 
waveform  shown  in  figure  8.1. 


FIGURE  8.1 

Here  we  have  a  sine  wave  which  is  perturbed 
for  short  instances  by  noise.  Some  loosely  refer 
to  these  types  of  noises  as  "glitches".  The 
waveform  has  a  nominal  frequency  over  one  cycle 
which  we'll  call  ”Vg"  (x>g  =  y).  At  times,  noise 
causes  the  instantaneous  frequency  to  differ 


markedly  from  the  nominal  frequency.  If  a  pure 
sine  wave  signal  of  frequency  Ug  is  subtracted 
from  this  waveform,  the  remainder  is  the  sum  of 
the  noise  components.  These  components  are  of  a 
variety  of  frequencies  and  the  sum  of  their  ampli¬ 
tudes  is  nearly  zero  except  for  the  intervals 
during  each  glitch  when  their  amplitudes  momen¬ 
tarily  reinforce  each  other.  This  is  shown  graph¬ 
ical  ly  in  figure  8. 2. 


FIGURE  8.2 

One  can  plot  a  graph  showing  rms  power  vs. 
frequency  for  a  given  signal.  This  kind  of  plot 
is  called  the  power  spectrum.  For  the  waveform  of 
figure  8.1  the  power  spectrum  will  have  a  high 
value  at  uQ  and  will  have  lower  values  for  the 
signals  produced  by  the  glitches.  Closer  analysis 
reveals  that  there  is  a  recognizable,  somewhat 
constant  repetition  rate  associated  with  the 
glitches.  In  fact,  we  can  deduce  that  there  is  a 
significant  amount  of  power  in  another  signal 
whose  period  is  the  period  of  the  glitches  as 
shown  in  figure  8.2.  Let's  call  the  frequency  of 
the  qlitches  u  .  Since  this  is  the  case,  we  will 
observe  a  noticeable  amount  of  power  in  the  spec¬ 
trum  at  v>5  with  an  amplitude  which  is  related  to 
the  characteristics  of  the  glitches.  The  power 
spectrum  shown  in  figure  8.3  has  this  feature.  A 
predominant  component  has  been  depicted,  but 
other  harmonics  also  exist. 
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Some  noise  will  cause  the  instantaneous  fre¬ 
quency  to  "jitter"  around  uQ,  with  probability  of 
being  higher  or  lower  than  uQ.  We  thus  usually 
find  a  "pedestal"  associated  with  as  shown  in 
figure  8.4. 


SPECTRAL  CENSfiY 


FIGURE  8.4 

The  process  of  breaking  down  a  signal  into 
all  of  its  various  components  of  frequency  is 
called  Fourier  expansion  (see  sec.  X).  In 
other  words,  the  addition  of  all  the  frequency 
components,  called  Fourier  frequency  components, 
produces  the  original  signal.  The  value  of  a 
Fourier  frequency  is  the  difference  between  the 
frequency  component  and  the  fundament  .1  frequency. 
The  power  spectrum  can  be  normalized  to  unity  such 
that  the  total  area  under  the  curve  equals  one. 
The  power  spectrum  normalized  in  this  way  is  the 
power  spectral  density. 

The  power  spectrum,  often  called  the  RF 
spectrum,  of  V(t)  is  very  useful  in  many  appli¬ 
cations.  Unfortunately,  if  one  is  given  the  RF 
spectrum,  it  is  impossible  to  determine  whether 
the  power  at  different  Fourier  frequencies  is  a 
result  of  amplitude  fluctuations  "t.(t)"  or  phase 
fluctuations  "t>( t ) .  The  RF  spectrum  can  be  separ¬ 
ated  into  two  independent  spectra,  one  being  the 
spectral  density  of  "i.(t)“  often  called  the  AM 
power  siectral  density  and  the  other  being  the 
spectral  density  of  "qi(t)" . 

For  the  purposes  here,  the  phase-fluctuation 
components  are  the  ones  of  interest.  The  spectral 
density  of  phase  fluctuations  is  denoted  by  S^(f) 
where  "f"  is  Fourier  frequency.  For  the  fre¬ 
quently  encountered  case  where  the  AM  power  spec¬ 
tral  density  is  negligibly  small  and  the  total 
modulation  of  the  phase  fluctuations  is  small 
(mean-square  value  is  much  less  than  one  rad2). 


the  RF  spectrum  has  approximately  the  same  shape 
as  the  phase  spectral  density.  However,  a  main 
difference  in  the  representation  is  that  the  RF 
spectrum  includes  the  fundamental  signal  (car¬ 
rier),  and  the  phase  spectral  density  docs  not. 
Another  major  difference  is  that  the  RF  spectrum 
is  a  power  spectral  density  and  is  measured  in 
units  of  watts/hertz.  The  phase  spectral  density 
involves  no  "power"  measurement  of  the  electrical 
signal.  The  units  are  radians2/hertz.  It  is 
tempting  to  think  of  S^( f )  as  a  "power"  spectral 
density  because  in  practice  it  is  measured  by 
passing  V(t)  through  a  phase  detector  and  measuring 
the  detector's  output  power  spectrum.  The  measure¬ 
ment  technique  makes  use  of  the  relation  that  for 
small  deviations  (6<t>  <<  1  radian), 

Vf)=(^^)  (8-3) 

where  vrmsCO  is  the  root-mean-square  noise  voltage 
per  ^Hz  at  a  Fourier  frequency  "f",  and  Vs  is  the 
sensitivity  (volts  per  radian)  at  the  phase  quadra¬ 
ture  output  of  a  phase  detector  which  is  comparing 
the  two  oscillators.  In  the  next  section,  we  will 
look  at  a  scheme  for  directly  measuring  5^(0. 

One  question  we  might  ask  is,  "How  do  fre¬ 
quency  changes  relate  to  phase  fluctuations?" 
After  all  it's  the  frequency  stability  of  an 
oscillator  that  is  a  major  consideration  in  many 
applications.  The  frequency  is  equal  to  a  rate  of 
change  in  the  phase  of  a  sine  wave.  This  tells  us 
that  fluctuations  in  an  oscillator's  output  fre¬ 
quency  are  related  to  phase  fluctuations  since  we 
must  change  the  rate  of  "$(t)"  to  accomplish  a 
shift  in  "v(t)"t  the  frequency  at  time  t.  A  rate 
of  change  of  total  "4>^(t)"  is  denoted  by  "<j>^.(t)". 
We  have  then 

2nv(t)  =  *T(t)  (8.4) 

The  dot  denotes  the  mathematical  operation  of 
differentiation  on  the  function  4^  with  respect  to 
its  independent  variable  t.*  From  eq  (8.4) 


*  As  an  analogy,  the  same  operation  relates  the 
position  of  an  object  with  its  velocity. 


A  20 


and  eq  (1.1)  we  get 


2nv(t)  =  *T(t)  =  2m>0  +  i(t) 


Rearranging,  we  have 


2nv(t)  -  2nVg  =  $(t) 


v(t)  -  v0  =  ^ 


spectral  density  of  frequency  fluctuations  is 
denoted  by  Sy(f)  and  is  obtained  by  passing  the 
signal  from  an  oscillator  through  an  ideal  FM 
detector  and  performing  spectral  analysis  on  the 
resultant  output  voltage.  $y(f)  flas  dimensions  of 
(fractional  f requency)2/Hz  or  Hz-1.  Differentia¬ 
tion  of  i)i(t)  corresponds  to  multiplication  by  — 

in  terms  of  spectral  densities.  With  further  cal¬ 
culation,  one  can  derive  that 


The  quantity  v(t)  -  Ug  can  be  more  conveniently 
denoted  as  6v(t),  a  change  in  frequency  at  time  t. 
Equation  (8.5)  tells  us  that  if  we  differentiate 
the  phase  fluctuations  <J>( t )  and  divide  by  2n,  we 
will  have  calculated  the  frequency  fluctuation 
<5u(t).  Rather  than  specifying  a  frequency  fluc¬ 
tuation  in  terms  of  shift  in  frequency,  it  is 
useful  to  denote  6u(t)  with  respect  to  the  nominal 

frequency  The  quantity  is  called  the 

°0 

fractional  frequency  fluctuation**  at  time  t  and 


fractional  frequency  fluctuation**  at  time  t  and 
is  signified  by  the  variable  y(t).  We  have 

y(t)  *  ^  (8.8) 

u0  0 

The  fractional  frequency  fluctuation  y(t)  is 
a  dimensionless  quantity.  When  talking  about  fre¬ 
quency  stability,  its  appropriateness  becomes 
clearer  if  we  consider  the  following  example. 
Suppose  in  two  oscillators  6v(t)  is  consistently 
equal  to  +  1  Hz  and  we  have  sampled  this  value  for 
many  times  t.  Are  the  two  oscillators  equal  in 
their  ability  to  produce  their  desired  output 
frequencies?  Not  if  one  oscillator  is  operating 
at  10  Hz  and  the  other  at  10  MHz.  In  one  case, 
the  average  value  of  the  fractional  frequency 
fluctuation  is  1/10,  and  in  the  second  case  is 
1/10,000,000  or  1  x  10-7.  The  10  MHz  oscillator 
is  then  more  precise.  If  frequencies  are  multi¬ 
plied  or  divided  using  ideal  electronics,  the 
fractional  stability  is  not  changed. 

In  the  frequency  domain,  we  can  measure  the 
spectrum  of  frequency  fluctuations  y(t).  The 

**  Some  international  recommendations  replace 
"fractional"  by  "normalized". 


We  will  address  ourselves  primarily  to  S,(f),  that 

$ 

is,  the  spectral  density  of  phase  fluctuations. 
For  noise-measurement  purposes,  S^f)  can  be 
measured  with  a  straightforward,  easily  duplicated 
equipment  set-up.  Whether  one  measures  phase  or 
frequency  spectral  densities  is  of  minor  importance 
since  they  bear  a  direct  relationship.  It  is 
important,  however,  to  make  the  distinction  and  to 
use  eq  (8.7)  if  necessary. 

8. 1  The  Loose  Phase-Locked  loop 

Section  I,  1.1,  C  described  a  method  of 
measuring  phase  fluctuations  between  two  phase- 
locked  oscillators.  Now  we  will  detail  the  pro¬ 
cedure  for  measuring  S,(f). 

v 

Suppose  we  have  a  noisy  oscillator.  We  wish 
to  measure  the  oscillator's  phase  fluctuations 
relative  to  nominal  phase.  One  can  do  this  by 
phaselocking  another  oscillator  (called  the  re¬ 
ference  oscillator)  to  the  test  oscillator  and 
mixing  the  two  oscillator  signals  90°  out  of  phase 
(phase  quadrature).  This  is  shown  schematically 
in  figure  8.9.  The  two  oscillators  are  at  the 
same  frequency  in  long  term  as  guaranteed  by  the 
phase-lock  loop  (PLL).  A  low-pass  filter  (to 
filter  the  R.F.  sum  component)  is  used  after  the 
mixer  since  the  difference  (baseband)  signal  is 
the  one  of  interest.  By  holding  the  two  signals 
at  a  relative  phase  difference  o'  90°,  short-term 
phase  fluctuations  between  the  test  and  reference 
oscillators  will  appear  as  voltage  fluctuations 
out  of  the  mixer. 


FIGURE  8.9 

With  a  PLL,  if  we  can  make  the  servo  time 
constant  very  long,  then  the  PLL  bandwidth  as  a 
filter  will  be  small.  This  may  be  done  by  lowering 
the  gain  of  the  loop  amplifier.  We  want  to 
translate  the  phase  modulation  spectrum  to  base¬ 
band  spectrum  so  that  it  is  easily  measured  on  a 
low  frequency  spectrum  analyzer.  With  a  PLL 
filter,  we  must  keep  in  mind  that  the  reference 
oscillator  should  be  as  good  or  better  than  the 
test  oscillator.  This  is  because  the  output  of 
the  PLL  represents  the  noise  from  both  oscillators, 
and  if  not  properly  chosen,  the  reference  can  have 
noise  masking  the  noise  from  the  test  oscillator. 
Often,  the  reference  and  test  oscillators  are  of 
the  same  type  and  have,  therefore,  approximately 
the  same  noise.  We  can  acquire  a  meaningful 
measurement  by  noting  that  the  noise  we  measure  is 
from  two  oscillators.  Many  times  a  good  approxi¬ 
mation  is  to  assume  that  the  noise  power  is  twice 
that  which  is  associated  with  one  oscillator. 
S^(f)  is  general  notation  depicting  spectral  den¬ 
sity  on  a  per  hertz  basis.  A  PLL  filter  output 
necessarily  yields  noise  from  two  oscillators. 

The  output  of  the  PLL  filter  at  Fourier 

frequencies  above  the  loop  bandwidth  is  a  voltage 

representing  phase  fluctuations  between  reference 

and  test  oscillator.  It  is  necessary  to  make  the 

time-constant  of  the  loop  long  compared  with  the 

inverse  of  the  lowest  Fourier  frequency  we  wish  to 

measure.  That  is,  t  >  = — ztt - rs-  This  means 

c  2n  f( lowest) 

that  if  we  want  to  measure  S.(f)  down  to  1  Hz,  the 

♦  1 

loop  time-constant  must  be  greater  than  ^  se¬ 
conds.  One  can  measure  the  time-constant  by 
perturbing  the  loop  (momentarily  disconnecting  the 
battery  is  convenient)  and  noting  the  time  it 
takes  for  the  control  voltage  to  reach  70%  of  its 
final  value.  The  signal  from  the  mixer  can  then 
be  inserted  into  a  spectrum  analyzer.  A  preamp 
may  be  necessary  before  the  spectrum  analyzer. 


The  analyzer  determines  the  mean  square  volts  that 
pass  through  the  analyzer's  bandwidth  centered 
around  a  pre-chosen  Fourier  frequency  f.  It  is 
desireable  to  normalize  results  to  a  1  Hz  band¬ 
width.  Assuming  white  phase  noise  (white  PM), 
this  can  be  done  by  dividing  the  mean  square 
voltage  by  the  analyzer  bandwidth  in  Hz.  One  may 
have  to  approximate  for  other  noise  processes. 
(The  phase  noise  sideband  levels  will  usually  be 
indicated  in  rms  volts-per-root-Hertz  on  most 
analyzers. ) 


8.2  Equipment  for  Frequency  Domain  Stability 


Measurements 

(1)  Low-noise  mixer 

This  should  be  a  high  quality,  double- 
balanced  type,  but  single-ended  types 
may  be  used.  The  oscillators  should 
have  well-buffered  outputs  to  be  able  to 
isolate  the  coupling  between  the  two 
input  RF  ports  of  the  mixer.  Results 
that  are  too  good  may  be  obtained  if  the 
two  oscillators  couple  tightly  via 
signal  injection  through  the  input 
ports.  We  want  the  PLL  to  control 
locking.  One  should  read  the  specifi¬ 
cations  in  order  to  prevent  exceeding 
the  maximum  allowable  input  power  to  the 
mixer.  It  is  best  to  operate  near  the 
maximum  for  best  signal-to-noise  out  of 
the  IF  port  of  the  mixer  and,  in  some 
cases,  it  is  possible  to  drive  the  mixer 
into  saturation  without  burning  out  the 
device. 
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FIGURE  8.10 

(2)  Low-noise  DC  amplifier 

The  amount  of  gain  A^  needed  in  the  loop 
amplifier  will  depend  on  the  amplitude 
of  the  mixer  output  and  the  degree  of 
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varactor  control  in  the  reference  oscil¬ 
lator.  We  may  need  only  a  small  amount 
of  gain  to  acquire  lock.  On  the  other 
hand,  it  may  be  necessary  to  add  as  much 
as  80  dB  of  gain.  Good  low-noise  0C 
amplifiers  are  available  from  a  number 
of  sources,  and  with  cascading  stages  of 
amplification,  each  contributing  noise, 
it  will  be  the  noise  of  the  first  stage 
which  will  add  most  significantly  to  the 
noise  being  measured.  If  a  suitable 
low-noise  first-stage  amplifier  is  not 
readily  available,  a  schematic  of  an 
amplifier  with  40  dB  of  gain  is  shown  in 
figure  8.11  which  will  serve  nicely  for 
the  first  stage.  Amplifiers  with  very 
low  equivalent  input  noise  performance 
are  also  available  from  many  manufac¬ 
turers.  The  response  of  the  amplifier 
should  be  flat  from  DC  to  the  highest 
Fourier  frequency  one  wishes  to  measure. 
The  loop  time-constant  is  inversely 
related  to  the  gain  and  the  determi¬ 
nation  of  Av  is  best  made  by  experimen¬ 
tation  knowing  that  x  <  -  - 

M  c  2nf  (lowest) 
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FIGURE  8.11 

(  3 )  Voltaqe-contro lied  reference  quart? 
osc i 1 lator 

Ihis  oscillator  should  be  a  good  one 
with  specifications  available  on  its 
frequency  domain  stability.  The  refer¬ 
ence  should  be  no  worse  than  the  test 
oscillator.  The  varactor  control  should 


be  sufficient  to  maintain  phase-lock  of 
the  reference.  In  general,  low  quality 
test  oscillators  may  have  varactor 
control  of  as  much  as  1  x  10-6  fractional 
frequency  change  per  volt.  Some  provi¬ 
sion  should  be  available  on  the  reference 
oscillato-  for  tuning  the  mean  frequency 
over  a  frequency  range  that  will  enable 
phase- lock.  Many  factors  enter  into  the 
choice  of  the  reference  oscillator,  and 
often  it  is  convenient  to  simply  use  two 
test  oscillators  phase- locked  together. 
In  this  way,  one  can  assume  that  the 
noise  out  of  the  PLL  filter  is  no  worse 
than  3  dB  greater  than  the  noise  from 
each  oscillator.  If  it  is  uncertain 
that  both  oscillators  are  contributing 
approximately  equal  noise,  then  one 
should  perform  measurements  on  three 
oscillators  taking  two  at  a  time.  The 
noisier-than-average  oscillator  will 
reveal  itself. 

(4)  Spectrum  analyzer 

The  signal  analyzer  typically  should  be 
capable  of  measuring  the  noise  in  rms 
volts  in  a  narrow  bandwidth  from  near 
X  Hz  to  the  highest  Fourier  frequency 
of  interest.  This  may  be  50  kHz  for 
carrier  frequencies  of  10  MHz  or  lower. 
For  voltage  measuring  analyzers,  it  is 
typical  to  use  units  of  "volts  per  . 
The  spectrum  analyzer  and  any  associated 
input  amplifier  will  exhibit  high-fre¬ 
quency  rolloff.  The  Fourier  frequency 
at  which  the  voltage  has  dropped  by  3  dB 
is  the  measurement  system  bandwidth  f^, 

or  w,  =  2nf. .  This  can  be  measured 
h  h 

directly  with  a  variable  signal  gener¬ 
ator. 

Section  X  describes  how  analysis  can  be 
performed  using  a  discrete  fourier  transform 
analyser.  Expanding  digital  technology  has  made 
the  use  of  fast-fourier  transform  analysis  affor¬ 
dable  and  compact. 
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Rather  than  measure  the  spectral  density  of 
phase  fluctuations  between  two  oscillators,  it  is 
possible  to  measure  the  phase  fluctuations  intro¬ 
duced  by  a  device  such  as  an  active  filter  or 
amplifier.  Only  a  slight  modification  of  the 
existing  PLL  filter  equipment  set  up  is  needed. 
The  scheme  is  shown  in  figure  8.12. 


FIGURE  8.12 

Figure  8.12  is  a  differential  phase  noise 
measurement  set-up.  The  output  of  the  reference 
oscillator  is  split  so  that  part  of  the  signal 
passes  through  the  device  under  test.  We  want  the 
two  signals  going  to  the  mixer  to  be  90°  out  of 
phase,  thus,  phase  fluctuations  between  the  two 
input  ports  cause  voltage  fluctuations  at  the 
output.  The  voltage  fluctuations  then  can  be 
measured  at  various  Fourier  frequencies  on  a 
spectrum  analyzer. 

To  estimate  the  noise  inherent  in  the  test 
set-up,  one  can  in  principle  bypass  the  device 
under  test  and  compensate  for  any  change  in  ampli¬ 
tude  and  phase  at  the  mixer.  The  PLL  filter 
technique  must  be  converted  to  a  differential 
phase  noise  technique  in  order  to  measure  inherent 
test  equipment  noise.  It  is  a  good  practice  to 


measure  the  system  noise  before  proceeding  to  mea¬ 


surement  of  device  noise. 


A  frequency  domain  measurement  set-up  is 


shown  schematically  in  figure  8.13.  The  component 


FIGURE  8.13 


values  for  the  low-pass  filter  out  of  the  mixer 
are  suitable  for  oscillators  operating  at  around 
5  MHz. 

The  active  gain  element  (av)  of  the  loop  is  a 
DC  amplifier  with  flat  frequency  response.  One 
may  replace  this  element  by  an  integrator  to 
achieve  high  gain  near  DC  and  hence,  maintain 
better  lock  of  the  reference  oscillator  in  long 
term.  Otherwise  long-term  drift  between  the 
reference  and  test  oscillators  might  require 

manual  re-adjustment  of  the  frequency  of  one  or 

c 

the  other  oscillator. 


8. 3  Procedure  and  Example 

At  the  input  to  the  spectrum  analyzer,  the 
voltage  varies  as  the  phase  fluctuations  in  short¬ 


ly  is  the  phase  sensitivity  of  the  mixer  in  volts 
per  radian.  Using  the  previously  described  equip¬ 
ment  set-up,  Vs  can  be  measured  by  disconnecting 
the  feedback  loop  to  the  varactor  of  the  reference 
oscillator.  The  peak  voltage  swing  is  equal  to  V$ 
in  units  of  volts/rad  if  the  resultant  beat  note 
is  a  sine  wave.  This  may  not  be  the  case  for 

state-of-the-art  S„(f)  measurements  where  one  must 
♦ 

drive  the  mixer  very  hard  to  achieve  low  mixer 
noise  levels.  Hence,  the  output  will  not  be  a 
sine  wave,  and  the  volts/rad  sensitivity  must  be 
estimated  by  the  slew-rate  (through  zero  volts)  of 
the  resultant  square-wave  out  of  the  mixer/ampli¬ 
fier. 

The  value  for  the  measured  S,(f)  in  decibels 

$ 

is  given  by: 


20  log 


V  Voltage  at  f 
_ _ rms _ _ _ 

Vsful 1-scale  ^-detector  voltage 


EXAMPLE:  Given  a  PLL  with  two  oscillators  such 
that,  at  the  mixer  output: 


V$  =  1  volt/rad 
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V  (45  Hz)  =  100  nV  per  root  hertz 
rms 

solve  for  S.(45  Hz). 

9 


V45  Hz>  = 
0 


/ 100  nV  (Hz'SV  / 10- 7 V 
\  1  v/rad  /  "  \  1  / 


rad1 2 3 4 


Hz-' 


Hz 

In  decibels , 

S^S  Hz)  =  20  log  =  20  log  ^ 

=  20  (-7)  =  -140  dB  at  45  Hz 

In  the  example,  note  that  the  mean  frequency 
of  the  oscillators  in  the  PLL  was  not  essential  to 
computing  S^(f).  However,  in  the  application  of 
S^(f),  the  mean  frequency  uq  is  necessary  informa¬ 
tion.  Along  with  an  S^(f),  one  should  always 

attach  \>  .  In  the  example  above  \>  =  5  MHz,  so  we 

o  r  o 

have 

$„  (45  Hz)  =  10-14  u  =  5  MHz. 

9  HZ  O 

From  eq  (8.7),  S^(f)  can  be  computed  as 

Sy  (45  Hi)  =(^V)2  10'M  TT 

S  (45  Hz)  =  8.1  x  10- 2 r’  Hz-',  u  —  5  MHz. 
y  o 

IX.  POWER-LAW  NOISE  PROCESSES 

Power-law  noise  processes  are  models  of 
precision  oscillator  noise  that  produce  a  parti¬ 
cular  slope  on  a  spectral  density  plot.  We  often 
classify  these  noise  processes  into  one  of  five 

categories.  For  plots  of  5^(0,  they  are: 

1.  Random  walk  FM  (random  walk  of  fre¬ 

quency),  plot  goes  down  as  1/f4. 

2.  Flicker  FM  (flicker  of  frequency), 
plot  goes  down  as  l/f;i. 

3.  White  FM  (white  of  frequency),  plot 

goes  down  as  1/ f 2  . 

4.  Flicker  PM  (flicker  of  phase),  plot 

goes  down  as  1/f. 

5  White  PM  (white  of  phase),  plot  is 

flat. 


Power  law  noise  processes  are  characterized  by 
their  functional  dependence  on  Fourier  frequency. 
Equation  8.7  relates  S^(f)  to  Sy(f),  the  spectral 
density  of  frequency  fluctuations.  Translation  of 
Sy(f)  to  time-domain  data  Oy(t)  for  the  five  model 
noise  processes  is  covered  later  in  section  XI. 

The  spectral  density  plot  of  a  typical  oscil¬ 
lator’s  output  usually  is  a  combination  of  dif¬ 
ferent  power-law  noise  processes.  It  is  very 
useful  and  meaningful  to  categorize  the  noise 
processes.  The  first  job  in  evaluating  a  spectral 
density  plot  is  to  determine  which  type  of  noise 
exists  for  a  particular  range  of  Fourier  fre¬ 
quencies.  It  is  possible  to  have  all  five  noise 
processes  being  generated  from  a  single  oscillator, 
but,  in  general,  only  two  or  three  noise  processes 
are  dominant.  Figure  9.1  is  a  graph  of  S^(f) 
showing  the  five  noise  processes  on  a  log-log 
scale.  Figure  9.2  shows  the  spectral  density  of 
phase  fluctuations  for  a  typical  high-quality 

osci llator. 

SPECTRAL  DENSITY  OF  PHASE 


FOURlia  fMQUEHCV  (f) 

FIGURE  9.  1 


FIGURE  9.2 
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X.  PITFALLS  IN  DIGITIZING  THE  DATA 


The  advent  and  prolific  use  of  digital  com¬ 
puters  has  changed  the  manner  in  which  processing 
of  analog  signals  takes  place  if  a  computer  is 
used.  This  section  addresses  the  most  common 
problems  in  such  analyses. 

10. 1  Discrete-Continuous  Processes 

Digital  processing  implies  that  data  must  be 
presented  to  a  computer  or  other  processor  as  an 
array  of  numbers  whether  in  a  batch  or  in  a  time 
series.  If  the  data  are  not  already  in  this  form 
(it  usually  is  not  when  considering  frequency 
stability  measurements),  then  it  is  necessary  to 
transform  to  this  format  by  digitizing.  Usually, 
the  signal  available  for  analysis  is  a  voltage 
which  varies  with  frequency  or  phase  difference 
between  two  oscillators. 


10.2  Digitizing  the  Data 


Digitizing  the  data  is  the  process  of  conver¬ 
ting  a  continuous  waveform  into  discrete  numbers. 
The  process  is  completed  in  real  time  using  an 
analog-to-digital  converter  (ADC).  Three  consid¬ 
erations  in  the  ADC  are  of  importance  here: 


1.  Conversion  time 

2.  Resolution  (quantization  uncertainty) 

3.  Linearity 


An  ADC  "looks  at"  an  incoming  waveform  at  equi- 
spaced  intervals  of  time  T.  Ideally,  the  output 
of  the  ADC  is  the  waveform  (denoted  by  y{ t ) ) 
multiplied  by  a  series  of  infinitely  narrow 
sampling  intervals  of  unit  height  as  in  figure 
10.1.  We  have  at  t  =  T 

yj(t)  =  y(t)6(t-T)  =  y ( T )6( t- T )  (10.1) 

where  6(t-T)  is  a  delta  function.  If  y(t)  is 

continuous  at  t  =  nT  and  n  =  0,  ±1,  ±2,. . .  ,  then 


y£(t>  =  E  y<nT>  «  (t-m) 

n=-°° 

2  =  integer 


(10.2) 


The  delta  function  respresentation  of  a  sampled 
waveform  eq  (10.2)  is  useful  when  a  subsequent 
continuous  integration  is  performed  using  it.** 


FIGURE  10.1 

In  ADC's,  the  input  signal  is  sampled  during  an 
aperture  time  and  held  for  conversion  to  a  digital 
number,  usually  binary.  Sampling  and  processing 
takes  time  which  is  specified  as  the  conversion 
time.  This  is  the  total  time  required  for  a 
complete  measurement  at  one  sample  to  achieve  a 
given  level  of  accuracy.  If  y£(t)  is  the  ideal 
di screte-time  representation  of  continuous  process 
y(t),  then  the  ADC  output  denoted  by  y£(t)  is: 

=  <103> 

where  "d"  is  the  conversion  time  and  e  •  the 

dt 

accuracy  tolerance  at  "d"  as  a  function  of  rate-of- 
change  in  y(t).  In  general  a  trade-off  exists 
between  d  and  e.  For  example,  for  a  commonly 
available,  high-quality  10-bit  ADC,  a  conversion 
time  of  d  =  10  ps  yields  a  maximum  error  of  3%. 
Whereas  given  a  30  ps  conversion  time,  we  can 
obtain  0.1%  maximum  error. 

The  error  due  to  conversion  time  "d"  is  many 
times  negligible  since  processing  in  digital 
filters  and  spectrum  analysis  takes  place  after 
the  converter.  Conversion  time  delay  can  be  of 
critical  concern,  however,  where  real-time  proces¬ 
sing  at  speeds  of  the  order  of  "d"  become  important 
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such  as  in  digital  servo  loops  where  corrections 
are  needed  for  fast  changing  errors. 

A  portion  of  the  conversion-time  error  is  a 
function  of  the  rate  of  change  ^  of  the  process 
if  the  sample-and-hol<i  portion  of  the  ADC  relies 
on  the  charging  of  a  capacitor  during  an  aperture 
time.  This  is  true  because  the  charge  cycle  will 
have  a  finite  time-consiant  and  because  of  aperture 
time  uncertainty.  For  example,  if  the  time-con¬ 
stant  is  0.1  ns  (given  by  say  a  0.1  (1  source 
resistance  charging  a  0.0L1  pfd  capacitor),  then 
a  0.1*  nominal  error  will  exist  for  slope  = 
lV/ps  due  to  charging.  With  good  design,  this 
error  can  be  reduced  The  sampling  circuit  (be¬ 
fore  charge)  is  usually  the  dominant  source  of 
error  and  logic  gate-delay  jitter  creates  an 
aperture  time  uncertainty.  The  jitter  typically 
is  between  2-5  ns  which  means  an  applied  signal 
slewing  at,  say,  1  V/ps  produces  an  uncertainty 
of  2-5  mV.  Since  is  directly  proportional 

to  signal  slewing  rate,  it  can  be  anticipated  that 
high-level,  high-frequency  components  of  y(t)  will 
have  the  greatest  error  in  conversion.  For  typical 
ADC's,  less  than  0.1%  error  can  be  achieved  by 
holding  ^  to  less  than  0.2  V/ps. 

The  continuous  process  y(t)  is  partitioned 
into  2n  discrete  ranges  for  n-bit  conversion.  All 
analog  values  within  a  given  range  are  represented 
by  the  same  digital  code,  usually  assigned  to  the 
nominal  midrange  value.  There  is,  therefore,  an 
inherent  quantization  uncertainty  of  t  S  least- 
significant  bit  (ISB),  in  addition  to  other  conver¬ 
sion  errors.  For  example,  a  10-bit  ADC  has  a  total 
of  1024  discrete  ranges  with  a  lowest  order  bit 
then  representing  about  0.1%  of  full  scale  and 
quantization  uncertainty  of  ±  0,05%. 

We  define  the  dynamic  range  of  a  digital 
system  as  the  ratio  between  the  maximum  allowable 
value  of  the  process  (prior  to  any  overflow  condi¬ 
tion)  end  the  minimum  discernable  value.  The 
dynamic  range  when  digitizing  the  data  is  set  by 
the  quantizing  uncertainty,  or  resolution,  and 
is  the  ratio  of  2n  to  *j  L$8.  (If  additive  noise 
makes  coding  ambiguous  to  the  *j  LSB  level,  then 
the  dynamic  range  Is  the  ratio  of  2n  to  the  noise 
uncertainty,  but  this  is  usually  not  the  case. ) 


for  example,  the  dynamic  range  of  a  10-bit  system 
is  2n  =  1024  to  *},  or  2048  to  1.  Expressed  in 
dB' s ,  this  is 

20  log  2048  =  66.2  dB 

if  referring  to  a  voltage- to- code  converter. 

The  converter  1 ineari ty  specifies  the  degree 
to  which  the  voltage-to-code  transfer  approximates 
a  straight  line.  The  nonlinearity  is  the  deviation 
from  a  straight  line  drawn  between  the  end  points 
(all  zeros  to  all  ones  code).  It  is  usually  not 
acceptable  to  have  nonlinearity  greater  than  *5  LSB 
which  means  that  the  sum  of  the  positive  errors  or 
the  sum  of  the  negative  errors  of  the  individual 
bits  must  not  exceed  LSB  (or  ±  H  LSB).  The 
linearity  specification  used  in  this  context 
includes  all  effects  such  as  temperature  errors 
under  expected  operating  temperature  extremes  and 
power  supply  sensitivity  errors  under  expected 
operating  supply  variations. 

10.  .1  Aliasing 

r igure  10.1  illustrates  equispaced  sampling 
of  continuous  process  y(t).  It  is  important  to 
have  a  sufficient  number  of  samples/second  to  prop¬ 
erly  describe  information  in  the  high  frequencies. 
On  the  other  hand,  sampling  at  too  high  a  rate  may 
unnecessarily  increase  the  processing  labor.  As 
we  reduce  the  rate,  we  see  that  sample  values 
could  represent  low  or  high  frequencies  in  y(t). 
This  property  is  called  aliasing  and  constitutes  a 
source  of  error  similiar  to  "imaging"  which  occurs 
in  analog  frequency  mixing  schemes  (i.e.,  in  the 
multiplication  of  two  different  signals). 

If  the  time  between  samples  (k)  is  T  seconds, 

then  the  sampling  rate  is  i  samples  per  second. 

1  1 

Then  useful  data  in  y ( t )  will  be  from  0  to  Hz 

and  frequencies  higher  than  hr  H z  will  be  folded 

‘  1 

into  the  lower  range  from  0  to  Hz  and  confused 

with  data  in  this  lower  range  The  cutoff  fre¬ 
quency  is  then  given  by 


and  is  sometimes  called  the  "Nyquist  f >-i  putney. " 
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tfo  can  use  the  convolution  theorem  to  simply 
illustrate  the  existence  of  aliases.  This  theorem 
states  that  multiplication  In  the  time  domain 
corresponds  to  convolution  in  the  frequency  domain, 
and  the  time  domain  and  frequency  domain  represen¬ 
tations  are  fourier  transform  pairs'  The 
Fourier  transform  of  y(t)  in  figure  10.1(a)  is 
denoted  by  Y(f),  thus. 

Qo 

Y(f)  =  J  y(t)e'j2',ftdt  (10  b) 

and 

y(t)  =  ^  j  f  )eJ2n,t  df  (10  6 ) 

-» 

The  function  Y(f)  is  depicted  in  fiqure  10  ?<a) 
The  fourier  transform  of  A(  t )  is  shown  in  'iqore 
10  2(h)  and  is  given  by  M  f )  where  apply'  u  the 
discrete  transform  yields 

i(f>  --  {  £  M*  '  f).  (10  /> 

n-  -ar 

recal 1 inq  that 

Ml)  =  £  A(t  -n!  ).  (10  8) 

n=  -<* 

from  eq  (  10  2) 


FIGURf  10  ? 


Y(f)  convolved  with  af  is  denoted  by  Y(f)* 
A( f )  and  is  shown  in  figure  10.2(c).  We  see  that 
the  transform  Y(f)  is  repeated  with  origins  at 
f  -  Y  Conversely,  high  frequency  data  with  infor¬ 
mation  around  f  -  ^  will  fold  into  the  data  around 

the  origin  between  -f  and  *f  In  the  computation 
of  power  spectra,  we  encounter  errors  as  shown  in 
figure  (10  3 ) . 


ts  .  senj(,  twuBr.i 


FIGURf  10  3 

Aliased  power  spectra  due  to  folding  (a)  True 
Spectra,  (b)  Aliased  Spectra 

Two  pioneers  in  information  theory.  Harold 
Nyquist  and  Claude  Shannon,  developed  design 
criteria  for  discrete-continuous  processing  sys¬ 
tems  Given  a  specified  accuracy,  we  can  convey 
time-domain  process  y(t)  through  a  finite  band¬ 
width  whose  upper  limit  f^  is  the  highest  signifi¬ 
cant  spectral  component  of  y(t)  For  discrete- 
continuous  process  yk(t),  ideally  the  input  ignal 
spectrum  should  not  extend  beyond  f  ,  or 

fN  ■  fs  (10  9) 

where  f  is  given  by  eq  (10  4)  Equation  (10  9) 
is  refered  to  as  the  "Shannon  limit  " 

In  practice,  there  is  never  a  case  in  which 
there  is  absolutely  no  signal  or  noise  component 
above  fN  Filters  are  used  before  the  ADC  in 
order  to  suppress  components  above  f^  which  fold 
into  the  lower  bandwidth  of  interest  This  so- 
called  ant i -al iasi ng  filter  usually  must  be  quite 
sophisticated  in  order  to  have  low  ripple  in  the 
passband.  constant  phase  delay  in  the  passband, 
and  steep  rolloff  characteristics  In  examining 
the  rolloff  requirements  of  the  anti-aliasing 
filter,  we  can  apply  a  fundamental  filter  property 
that  the  output  spectrum  Is  equal  to  the  input 


A  ?R 


spectrum  Multiplied  by  the  square  of  the  frequency 
response  function;  that  is, 

S(f)  [H(f)P  =  S(f)  (10.10) 

out 


The  filter  response  must  be  flat  to  f^  and  at¬ 
tenuate  aliased  noise  components  at  y  ±  f  = 
2nf^±  f.  In  digitizing  the  data,  the  observed 
spectra  will  be  the  sum  of  the  baseband  spectrum 
(to  fN)  and  all  spectra  which  are  folded  into  the 
baseband  spectrum 


S(f)  =  SQ(f)  ♦  S_,  (2fs 
observed 

♦  S.2  (4fs  -  f).... 

M 


'  f)  ♦  S+1  (2fs  ♦  f) 

♦  S.  (2  i  (fs  ♦  i  f)) 

(10.11) 


=  S  ( f )  ♦  S.  (2  i  (f  ♦  f)) 
0  i=-M 


wh^-e  M  is  an  appropriate  finite  limit. 

For  a  given  rejection  at  an  upper  frequency, 
clearly  the  cutoff  frequency  f  for  the  anti¬ 
aliasing  filter  should  be  as  low  as  possible  to 
relax  the  rolloff  requirements.  Recall  that  an 
nth  order  low-pass  filter  has  frequency  response 
function 


H(f)  = 


and  output  spectrum 


S(f)  =  - 

out  1  ♦ 


(10. 12) 


(10. 13) 


and  after  sampling,  we  have  (applying  eq  (10.11)) 


S(f) 

observed 


Vf) 


M 


i=-« 


S,(2  i  (fs  ♦  yf)) 
H  (fs  *  }f)Z" 


(10.14) 


If  f  is  chosen  to  be  higher  than  fN>  then  the 
first  term  (baseband  spectrum)  is  negligibly 
affected  by  the  filter,  which  is  our  hope.  It  is 


the  second  term  (the  sum  of  the  folded  in  spectra) 
which  causes  an  error. 

As  an  example  of  the  rolloff  requirement, 
consider  the  measurement  of  noise  process  n(t)  at 
f  =  400  Hz  in  a  1  Hz  bandwidth  on  a  digital  spec¬ 
trum  analyzer.  Suppose  n(t)  is  white;  that  is, 


Sn(f)  =  kQ  (10.15) 

k_  =  constant 
o 


Suppose  further  that  we  wish  to  only  measure  the 
noise  from  10  Hz  to  1  kHz;  thus  f^  =  1  kHz.  Let 
us  assume  a  sampling  frequency  of  f  =  2fN  or 
2  kHz.  If  we  impose  a  1  dB  error  limit  in 

^observed  an<*  ^ave  dB  of  dynaln’c  ran9e>  then  we 
can  tolerate  an  error  limit  of  10-6  due  to  aliasing 

effects  in  this  measurement,  and  the  second  term  in 
eq  (10.14)  must  be  reduced  to  this  level.  We  can 
choose  f  =  1.5kHz  and  obtain 


S(f)  =  k  ♦ 
observed 


~2n 


2  i  (f,  +  Tf> 


(10.16) 


The  term  in  the  series  which  contributes  most  is 
at  i  =  -1,  the  nearest  fold- in.  The  denominator 
must  be  10s  or  more  to  realize  the  allowable  error 
limit  and  at  n  >  8  this  condition  is  met.  The 
next  most  contributing  term  is  i  =  +1  at  which  the 
error  is  <  10-7  for  n  =  8,  a  negligible  contribu¬ 
tion.  The  error  Increases  as  f  increases  for  a 
fixed  n  because  the  nearest  fold-in  (i  =  -1)  is 
coming  down  in  frequency  (note  fig.  10.2(c))  and 
power  there  is  filtered  less  by  the  anti-aliasing 
filter.  Let  us  look  at  the  worst  case  (f  =  1kHz) 
to  determine  a  design  criteria  for  this  example. 
At  f  =  1  kHz,  we  must  have  n  >  10. 

Thus  the  requirement  in  this  example  is  for  a 
10-pole  low-pass  filter  (60  dB/octave  rolloff). 


10.4  Some  History  of  Spectrum  Analysis  Leading  to 
the  Fast  Fourier  Transform 
Newton  in  his  Principia  (1687)  documented  the 
first  mathematical  treatment  of  wave  motion  al- 
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though  the  concept  of  harmonics  In  nature  was 
pointed  out  by  Pythagoras,  Kepler,  and  Galileo. 
However,  it  was  the  work  of  Joseph  Fourier  In  1807 
which  showed  that  almost  any  function  of  a  real 
variable  could  be  represented  as  the  sum  of  sines 
and  cosines.  The  theory  was  rigorously  treated  In 
a  document  in  1822. 

In  using  Fourier's  technique,  the  periodic 
nature  of  a  process  or  signal  is  analyzed.  Fourier 
analysis  assumes  we  can  apply  fixed  amplitudes, 
frequencies,  and  phases  to  the  signal. 

In  the  early  1900's  two  relatively  independent 
developments  took  place:  (1)  radio  electronics 
and  electric  power  hardware  were  fast  growing 
technologies;  and  (2)  statistical  analysis  of 
events  or  processes  which  were  not  periodic  became 
increasingly  understood.  The  radio  engineer 
explored  signal  and  noise  oroperties  of  a  voltage 
or  current  into  a  load  by  means  of  the  spectrum 
analyzer  and  measurement  of  the  power  spectrum. 
On  the  other  hand,  statisticians  explored  deter- 
ministic  and  stochastic  properties  of  a  process  by 
means  of  the  variance  and  self-correlation  pro¬ 
perties  of  the  process  at  different  times.  Wiener 
(1930)  showed  that  the  variance  spectrum  (i.e., 
the  breakdown  of  the  variance  with  Fourier  fre¬ 
quency)  was  the  Fourier  transform  of  the  autocor¬ 
relation  function  of  the  process.  He  also  theor¬ 
ized  that  the  variance  spectrum  was  the  same  as 
the-  power  spectrum  normalized  to  unit  area.  Tukey 
(1949)  advocated  the  use  of  the  variance  spectrum 
in  the  statistical  treatment  of  all  processes 
because  (1)  it  is  more  easily  interpreted  than 
correlation-type  functions;  and  (2)  it  fortuitously 
is  readily  measureable  by  the  radio  engineer. 

The  1950' s  saw  rigorous  application  of  stati¬ 
stics  to  communication  theory.  Parallel  tu  this 
was  the  rapid  advancement  of  digital  computer 
hardware.  Blackman  and  Tukey  (1959)  and  Welch 
(1961)  elaborated  on  other  useful  methods  of 
deriving  an  estimate  for  the  variance  spectrum  by 
taking  the  ensemble  time-average  sampled,  discrete 
line  spectra.  The  approach  assumes  the  random 
process  is  ergodic.  Some  digital  approaches 
estimate  the  variance  spectrum  using  Wiener's 
theorem  if  correlation-type  functions  are  useful 


in  the  analysis,  but  in  general  the  time-averaged, 
sample  spectrum  is  the  approach  taken  since  its 
Implementation  is  direct  and  straightforward. 
Most  always,  ergodicity  can  be  assumed. 

The  variance  of  process  y(t)  is  related  to 
the  total  power  spectrum  by 

<z2[y(t)]  =  J  S  (f)  df.  (10.17) 

-00  ¥ 

Since 

.  T 

°2[y(t)]  =  J™  ^  /  y2(t)  dt  (10.18) 

we  see  that  if  y(t)  is  a  voltage  or  current  into  a 
1-ohm  load,  then  the  mean  power  of  y(t)  is  the 
integral  of  Sy(f)  with  respect  to  frequency  over 
the  entire  range  of  frequencies  (-“,“).  Sy(f)  is, 
therefore,  the  power  spectrum  of  process  y(t). 
The  power  spectrum  curve  shows  how  the  variance  is 
distributed  with  frequency  and  should  be  expressed 
in  units  of  watts  per  unit  of  frequency,  or  volts 
squared  per  unit  of  frequency  when  the  load  is  not 
considered. 

Direct  estimation  of  power  spectra  has  been 
carried  out  for  many  years  through  the  use  of 
analog  instruments.  These  have  variously  been 
referred  to  as  sweep  spectrum  analyzers,  harmonic 
analyzers,  filter  banks,  and  wave  analyzers. 
These  devices  make  use  of  the  fact  that  the  spec¬ 
trum  of  the  output  of  a  linear  system  (analog 
filter)  is  the  spectrum  of  the  input  multiplied  by 
the  square  of  the  system's  frequency  response 
function  (real  part  of  the  transfer  character¬ 
istic).  Note  eq  (10.10).  If  y(t)  has  spectrum 
Sy(f)  feeding  a  filter  with  frequency  response 
function  H(f),  then  its  output  is 

S(f)  =  [H( f ) ] 2  S  (f)  (10.19) 

filtered  y 

If  H(f)  is  rectangular  in  shape  with  width  if, 
then  we  can  measure  the  contribution  to  the  total 
power  spectrum  due  to  Sy(f  t  |^). 

The  development  of  the  fast  Fourier  transform 
(FFT)  in  1965  made  digital  methods  of  spectrum 


estimation  increasingly  attractive.  Today  the 
choice  between  digital  or  analog  methods  depends 
more  on  the  objectives  of  the  analysis  rather  than 
on  technical  limitations.  However,  many  aspects 
of  digital  spectrum  analysis  are  not  well  known  by 
the  casual  user  in  the  laboratory  while  the  analog 
analysis  methods  and  their  limitations  are  under¬ 
stood  to  a  greater  extent. 

Digital  spectrum  analysis  is  realized  using 
the  discrete  Fourier  transform  (OFT),  a  modified 
version  of  the  continuous  transform  depicted  in 
eqs  (10.5)  and  (10.6).  By  sampling  the  input 
waveform  y(t)  at  discrete  intervals  of  time  t i  = 
At  representing  the  sampled  waveform  by  eq  (10.2) 
and  integrating  eq  (10.5)  yields 


00 

Y(f)  =  £  y(«t)e'j2"f£T  (10.20) 

£=-oo 

Equation  (10.20)  is  a  Fourier  series  expansion. 
Because  f(t)  is  specified  as  being  bandlimited, 
the  Fourier  transform  as  calculated  by  eq  (10.20) 
is  as  accurate  as  eq  (10.5);  however,  it  cannot 
extend  beyond  the  Nyquist  frequency,  eq  (10.4). 

In  practice  we  cannot  compute  the  Fourier 
transform  to  an  infinite  extent,  and  we  ahe  re¬ 
stricted  to  some  observation  time  T  consisting  of 
nAt  intervals.  This  produces  a  spectrum  which  is 
not  continuous  in  f  but  rather  is  computed  with 
resolution  Af  where 


(10.21) 


The  fast  Fourier  transform  (FFT)  is  an  algor¬ 
ithm  which  efficiently  computes  the  line  spectrum 
by  reducing  the  number  of  adds  and  multiplies 
involved  in  eq  (10.22).  If  we  choose  T/At  to 
equal  a  rational  power  of  2,  then  a  symmetric 
matrix  can  be  derived  through  which  y^(t)  passes 
and  quickly  yields  Y(mAf).  An  N-point  transfor¬ 
mation  by  the  direct  method  requires  a  processing 
time  proportional  to  N2  whereas  the  FFT  requires  a 
time  proportional  to  N  log2  N.  The  approximate 
ratio  of  FFT  to  direct  computing  time  is  given  by 


N  log2  N  log2  N 
- ff* -  =  - N  =  N 


(10.23) 


where  N  =  2^.  For  example,  if  N  =  210,  the  FFT 
requires  less  than  1/100  of  the  normal  processing 
time. 

We  must  calculate  both  the  magnitude  and 
phase  of  a  frequency  in  the  line  spectrum,  i.e., 
the  real  and  imaginary  part  at  the  given  frequency. 
N  points  in  the  time  domain  allow  N/2  complex 
quantities  in  the  frequency  domain. 

The  power  spectrum  of  y(t)  is  computed  by 
squaring  the  real  and  imaginary  components,  adding 
the  two  together  and  dividing  by  the  total  time  T. 
We  have 


Sy(«0f)  =  (10.24) 

This  quantity  is  the  sampled  power  spectrum 
and  again  assumes  periodicity  in  process  y(t)  with 
total  period  T.10 


With  this  change,  we  get  the  discrete  finite 
transform 

N~  1 

Y(mAf)  =  £  y.(t)e'j2mnAfnt  (10.22) 

n=0  e 


10. 5  Leakage 

Sampled  digital  spectrum  analysis  always 
involves  transforming  a  finite  block  of  data. 
Continuous  process  y(t)  is  "looked  at"  for  T  time 
through  a  data  window  which  can  functionally  be 
described  by 


The  OFT  computes  a  sampled  Fourier  series, 
and  eq  (10.22)  assumes  that  the  function  y(t) 
repeats  itself  with  period  T.  Y(mAf)  is  called 
the  "line  spectrum."  A  comparison  of  the  OFT  with 
the  continuous  Fourier  transform  is  shown  later  in 
part  10. 7. 


y'(t)  =  w(t)-y(t)  (10.25) 

where  w(t)  is  the  time  domain  window.  The  time- 
discrete  counterpart  to  eq  (10.25)  is 

yj(t)  =  wt(t)-y4(t)  (10.26) 
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and  w^t)  is  now  the  sampled  version  of  w(t) 
derived  similarly  to  eq  (10.2).  Equation  (10.26) 
is  equivalent  to  convolution  in  the  frequency 
domain,  or 


Y'(mM)  =  Vi(mAf  )*Y(mPf )  (10.27) 

Y'(mqf)  is  called  the  "modified"  line  spectrum  due 
to  convolution  of  the  original  line  spectrum  with 
the  Fourier  transform  of  the  time-domain  window 
function. 

Suppose  the  window  function  is  rectangular, 

and 


vyo  =  i, 
=  o. 


4  <  t  <  i 

2  -  ITT  2 
1  »  2 


(10.28) 


This  window  is  shown  in  figure  10.4(a).  The 
Fourier  transform  of  this  window  is 


W(mAf)  =  T 


sinn  mAf  NT 

nimifNT 


(10.29) 


and  is  shown  in  figure  10.4(b).  If  y(t)  is  a  sine 
wave,  we  convolve  the  spectrum  of  the  sinusoid,  a 
delta  function,  with  W(mAf). 
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FIGURE  10.4 


The  transform  process  (eq  10.22)  treats  the 
sample  signal  as  if  it  were  periodically  extended. 
Discontinuities  usually  occur  at  the  ends  of  the 
window  function  in  the  extended  version  of  the 
sampled  waveform  as  in  figure  10.5(c).  Sample 
spectra  thus  represent  a  periodically  extended 
sampled  waveform,  complete  with  discontinuites  at 
its  ends,  rather  than  the  original  waveform. 
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FIGURE  10.5 

Spurious  components  appear  near  the  sinusoid 
spectrum  and  this  is  referred  to  as  "leakage." 
Leakage  results  from  discontinuites  in  the  periodi¬ 
cally  extended  sample  waveform. 

Leakage  cannot  be  eliminated  entirely,  but 
one  can  choose  an  appropriate  window  function  w(t) 
in  order  to  minimize  its  effect.  This  is  usually 
done  at  the  expense  of  resolution  in  the  frequency 
domain.  An  optimum  window  for  most  cases  is  the 
Hanning  window  given  by: 


w(t)  =  [|  -  \  cos  (^))a  (10.30) 


for  0  <  t  <  T  and  "a"  designates  the  number  of 
times  the  window  is  implemented.  Figure  10.6(a) 
shows  the  window  function  and  10.6(b)  shows  the 
Hanning  line  shape  in  the  frequency  domain  for 
various  numbers  of  "Hanns."  Note  that  this  window 
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FIGURE  10.6 

eliminates  discontinuities  due  to  the  ends  of 
sample  length  T 

Each  time  the  Hanning  window  is  applied, the 
sidelobes  in  the  transform  are  attenuated  by  12 
dB/octave,  and  the  main  lobe  is  widened  by  2df. 
The  amplitude  uncertainty  of  an  arbitrary  sine 
wave  input  is  reduced  as  we  increase  the  number  of 
Hanns ;  however,  we  trade  off  resolution  in  fre¬ 
quency 

The  effective  noise  bandwidth  indicates  the 
departure  of  the  filter  response  away  from  a  true 
rectangularly  shaped  filtered  response  (frequency 
domain).  Table  10- I  lists  equivalent  noise  band¬ 
width  corrections  for  up  to  three  applications  of 
the  Hanning  window 


Humber  of  Hanns 

1 

2 
3 


Equivalent  Noise 
Bandwidth 
1.5  if 
1.92  if 
2.31  if 


TABLE  10  I 


10.  6  Picket-Fence  Effect 

The  effect  of  leakage  discussed  in  the  pre¬ 
vious  section  gives  rise  to  a  sidelobe  type  re¬ 
sponse  that  can  be  tailored  according  to  the 
time-window  function  through  which  the  analyzed 
signal  passes  as  a  block  to  be  transformed  to  the 
frequency  domain.  Using  the  Hanning  window  dimin¬ 
ishes  the  amplitudes  of  the  sidelobes,  however,  it 
increases  the  effective  bandwidth  of  the  passband 
around  the  center  frequency.  This  is  because  the 
effective  time-domain  window  length  is  shorter 
than  a  perfect  rectangular  window.  Directly 
related  to  the  leakage  (or  sidelobe)  effect  is  one 
called  the  "picket-fence"  effect.  This  is  because 
the  sidelobes  themselves  resemble  a  frequency 
response  which  has  geometry  much  like  a  picket 
fence. 

The  existence  of  both  sidelobe  leakage  and 
the  resultant  picket-fence  effect  are  an  artifact 
of  the  way  in  which  the  FFT  analysis  is  performed. 
Frequency- domain  analysis  using  analog  filters 
involves  a  continuous  signal  in  and  a  continuous 
signal  out.  On  the  other  hand,  FFT  analysis 
involves  a  continuous  signal  in,  but  the  transform 
to  the  frequency  domain  is  performed  on  blocks  of 
data.  In  order  to  get  discrete  frequency  informa¬ 
tion  from  a  block,  the  assumption  is  made  that  the 
block  represents  one  period  of  a  periodic  signal. 
The  picket-fence  effect  is  a  direct  consequence  of 
this  assumption.  For  example,  consider  a  sinewave 
signal  which  is  transformed  from  a  time-varying 
voltage  to  a  frequency- domain  representation 
through  an  FFT.  The  block  of  data  to  be  transform¬ 
ed  will  be  length,  T,  in  time.  Let's  say  that  the 
block,  T,  represents  only  4H  cycles  of  the  input 
sinewave  as  in  figure  10.5.  Artificial  sidebands 
will  be  created  in  the  transform  to  the  frequency 
domain,  whose  frequency  spacing  equals  |»  or  the 
reciprocal  of  the  block  length.  This  represents 
a  worst-case  condition  for  sidelobe  generation 
and  creates  a  large  number  of  spurious  discrete 
frequency  components  as  shown  in  figure  10.7(b). 

If,  on  the  other  hand,  one  changes  the  block 
time,  T,  so  that  the  representation  is  an  integral 
number  of  cycles  of  the  input  sinewave,  then  the 
transform  will  not  contain  sidelobe  leakage  compo- 
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nents  and  the  artificial  sideband  frequency  compo¬ 
nents  disappear.  In  practice,  when  looking  at 
complex  input  signals,  the  block  time,  T,  is  not 
synchronous  with  any  component  of  the  transformed 
part  of  the  signal.  As  a  result,  discrete  fre¬ 
quency  components  in  the  frequency  domain  have 
associated  with  them  sidebands  which  come  and  go 
depending  on  the  phase  of  the  time  window,  T, 
relative  to  the  sine  components  of  the  incoming 
signal.  T he  effect  is  much  like  looking  through  a 
picket  fence  at  the  sidebands.  ^ 

An  analogy  to  the  sidelobe  leakage  and  picket- 
fence  effect  is  to  record  the  incoming  time-varying 
signal  on  a  tape  loop,  which  has  a  length  of  time, 
T  The  loop  of  tape  then  repeats  itself  with  a 
period  of  T  This  repeating  signal  is  then  coupled 
to  a  scanning  or  filter-type  spectrum  analyzer. 
The  phase  discontinuity  between  the  end  of  one 
passage  of  the  loop  and  the  beginning  of  the  loop 
on  itself  again  represents  a  phase-modulation 
component,  which  gives  rise  to  artificial  sidebands 
in  the  spectrum  analysis  A  word  of  caution  — 
this  is  not  what  actually  happens  in  a  FFT  analyzer 
(i  e  ,  there  is  no  recirculating  memory).  However, 
the  Fourier  transform  treats  the  incoming  block  as 
if  this  were  happening. 


10. 7  Time  Domain- Frequency  Domain  Transforms 
A.  Integral  transform 

Figure  10.8  shows  the  well-known  integral 
transform,  which  transforms  a  continuous  time- 
domain  signal  extending  over  all  time  into  a 


FIGURE  10.8 


continuous  frequency-domain  signal  extending  over 
all  frequency.  This  is  the  ideal  transform.  In 
practice,  however,  one  deals  with  finite  times  and 
bandwidths.  The  integral  transform  then,  at  best, 
is  an  estimate  of  the  transform  and  is  so  for  only 
short,  well-behaved  signals.  That  is,  the  signal 
goes  to  zero  at  infinite  time  and  at  infinitely 
high  frequency. 


B.  Fourier  series 

The  Fourier-series  transform  assumes  perio¬ 
dicity  in  the  time-domain  signal  for  all  time. 
Only  one  period  of  the  signal  (for  time  T)  is 
required  for  this  kind  of  transform.  The  Fourier 
series  treats  the  incoming  signal  as  periodic  with 
period,  T,  and  continuous.  The  transformed  spec¬ 
trum  is  then  discrete  with  infinite  harmonic 
components  with  frequency  spacing  of  y.  This  is 
shown  in  figure  10.  9. 


FIGURE  10.9 
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XI.  TRANSLATION  FROM  FREQUENCY  DOMAIN  STABILITY 
MEASUREMENT  TO  TIME  DOMAIN  STABILITY  MEASURE- 
MENT  AND  VICE-VERSA. 


FIGURE  10. 10 

Figure  10.10  shows  the  transform  from  a  sam¬ 
pled  time-domain  signal  to  the  f  equency  domain 
Note  that  in  the  frequency  domain,  the  result  is 
repetitive  in  frequency.  Ihis  effect,  commonly 
called  aliasing,  is  discussed  earlier  in  section 
10.3.  Figure  10.9  and  figure  10.10  show  the  sym¬ 
metry  between  the  time-  and  frequency-domain  trans¬ 
forms  of  discrete  lines. 


11. 1  Procedure 

Knowing  how  to  measure  S,(f)  or  S  (f)  for  a 
(p  y 

pair  of  oscillators,  let  us  see  how  to  translate 

the  power-law  noise  process  to  a  plot  of  o^2(x). 

First,  convert  the  spectrum  data  to  Sy(f),  the 

spectral  density  of  frequency  fluctuations  (see 

sections  III  and  VIII).  There  are  two  quantities 

which  completely  specify  S^(f)  for  a  particular 

power  law  noise  process:  (1)  the  slope  on  a 

log- log  plot  for  a  given  range  of  f  and  (2)  the 

amplitude.  The  slope  we  shall  denote  by  "a"; 

therefore  fu  is  the  straight  line  (on  log-log 

scale)  which  relates  S  (f)  To  f.  The  amplitude 

will  be  denoted  "h  it  is  simply  the  coefficient 
a 

of  f  for  a  range  of  f.  When  we  examine  a  plot  of 
spectral  density  of  frequency  fluctuations,  we  are 
looking  at  a  representation  of  the  addition  of  all 
the  power-law  processes  (see  sec.  IX).  We  have 


C.  Discrete  fourier  transform 
Finally,  we  have  the  sampled,  periodic 
(assumed)  time-domain  signal  which  is  transformed 
to  a  discrete  and  repetitive  (aliased)  frequency- 
domain  representation.  This  is  shown  in  figure 
10.  11 


Sv(0=  E  ha  f°  (11.1) 

’  a=-<» 

In  section  IX,  five  power-law  noise  processes 

were  outlined  with  respect  to  S^(f).  These  five 

0 

are  the  common  ones  encountered  with  precision 
oscillators.  Equation  (8.7)  relates  these  noise 
processes  to  S^(f).  One  obtains 
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with  respect  to 


1. 

Random  Walk  FM 

(f-2)  • 

.  a  =  -2 

2. 

Flicker  FM 

(f-1)  • 

.  a  =  -1 

3. 

White  FM 

(1) 

.0=0 

4. 

Flicker  ipM 

(f) 

.0=1 

5. 

White 

(f2)  • 

.  a  =  2 

slope  on 
log- log 
paper 


Table  11.1  is  a 
translation  from  Oy2(t) 


list  of  coefficients  for 

to  S  (f)  and  from  S,(f)  to 
y  ® 
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EXAMPLE: 


0y2(i).  In  the  table,  the  left  column  is  the 
designator  for  the  power-law  process.  Using  the 
middle  column,  we  can  solve  for  the  value  of  S  (f) 

y 

by  computing  the  coefficient  "a"  and  using  the 
measured  time  domain  data  a^2(T).  The  rightmost 
column  yields  a  solution  for<T^2(i)  given  frequency 
domain  data  S^(f)  and  a  calculation  of  the  appro¬ 
priate  "b"  coefficient. 


In  the  phase  spectral  density  plot  of  figure 
11.1,  there  are  two  power-law  noise  processes  for 
oscillators  being  compared  at  1  MHz.  For  region 
1,  we  see  that  when  f  increases  by  one  decade 
(that  is,  from  10  Hz  to  100  Hz),  ( f )  goes  down 
by  three  decades  (that  is,  from  10- 11  to  10- 1  * ) 
Thus,  S^(f)  goes  as  1/f 3  =  f-3.  For  region  1,  we 


S  (f)  =  H  f“ 
y  _  of 
or  = 


sy(f)  =  a  o2(i) 


(t)  =  b  S.(f) 
b  =  ♦ 


2 

(white  phase) 


(2n)2  t2  f2 
3  f. 


3  f 
(2n)2  t 


o 


1 

(flicker  noise) 
n 

(white  frequency) 
-1 

(flicker  frequency) 


(2n)2  i2  f 
1.038  +  3  ln(uvt) 

2  t 


1 

2  ln(2)  •  f 


[1.038  +  3  ln(iuht)]f 
(2/t)2  t2  o2 

f2 

2  r  u* 
o 

2  In  (2)  •  f3 
u2 


-2 

(random  walk  frequency) 


6 

(  2tt  ) 2  T  f2 


(2n)2  t  f" 
_ o 


TABLE  11.1 

Conversion  table  from  time  domain  to  frequency  domain  and  from  frequency 
domain  to  time  domain  for  common  kinds  of  interger  power  law  spectral  densities; 
f,(=  uj.  /2n)  is  the  measurement  system  bandwidth.  Measurement  reponse  should  be 
within  3  dB  from  D.C.  to  f^  (3  dB  down  high-frequency  cutoff  is  at  fh). 


FIGURE  11.1 


identify  this  noise  process  as  flicker  FM.  The 
rightmost  column  of  table  11.1  relates  a2(r)  to 
( f ) .  The  row  designating  flicker  frequency 
noise  yields: 


o^(t)  = 


sA(n 


One  can  pick  (arbitrarily)  a  convenient  Fourier 
frequency  f  and  determine  the  corresponding  values 
of  S  (f)  given  by  the  plot  of  figure  11.1.  Say, 
f  =  10,  thus  S^(10)  =  10-11.  Solving  for  a2(i), 
given  uq  =  1  MHz,  we  obtain: 

o2(t)  =  1.39  x  lO-20 


therefore,  oy(x)  =  1.18  x  10- 10.  For  region  2,  we 
have  white  PM.  The  relationship  between  o2(t)  and 
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S.  (f )  for  white  PM  is: 
<P 


")">  ■  re.)=';'  vs«(" 

Again,  we  choose  a  Fourier  frequency,  say  f  =  100, 

and  see  that  S,(100)  =  10-M.  Assuming  f.  =  10* 

$  n 

Hz ,  we  thus  obtain: 

a2(i)  =  7.59  x  10-24 .  *2 

therefore . 

ay(r)  =  2.76  x  10-12 

The  resultant  time  domain  characterization  is 
shown  in  figure  11.2. 


FIGURE  11.2 

The  translation  of  S  (f)  of  figure  11.1  yields  this 
oy(t)  plot.  If 


FIGURE  11.4 

Figures  11.3  and  11.4  show  plots  jf  time- 
domain  stability  and  a  translation  to  frequi  icy 
domain.  Since  table  11.1  has  the  coefficients 
which  connect  both  the  frequency  and  time  domains, 
’t  may  be  used  for  translation  to  and  from  either 
domain. 

XII.  CAUSES  OF  NOISE  PROPERTIES  IN  A  SIGNAL  SOURCE 

12. 1  Power- law  Noise  Processes 

Section  IX  pointed  out  the  five  commonly  used 
power-law  models  of  noise.  With  respect  to  S.(f), 
one  can  estimate  a  staight  line  slope  (on  a  log-log 
scale)  which  corresponds  to  a  particular  noise 
type.  This  is  shown  in  figure  12.1  (also  fig. 9.1). 

SPECTRAL  DEXSITT  OF  PHASE 


FIGURE  11.3 


FIGURE  12.1 
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We  can  make  the  following  general  remarks  about 
power- law  noise  processes: 

1.  Random  walk  FM  (1/f4)  noise  is  difficult 
to  measure  since  it  is  usually  very 
close  to  the  carrier.  Random  walk  FM 
usually  relates  to  the  OSCILLATOR'S 
PHYSICAL  ENVIRONMENT.  If  random  walk  FM 
is  a  predominant  feature  of  the  spectral 
density  plot  then  MECHANICAL  SHOCK, 
VIBRATION,  TEMPERATURE,  or  other  envi¬ 
ronmental  effects  may  be  causing  "random" 
shifts  in  the  carrier  frequency. 

2.  Flicker  FM  (1/f3)  is  a  noise  whose 
physical  cause  is  usually  not  fully 
understood  but  may  typically  be  related 
to  the  PHYSICAL  RESONANCE  MECHANISM  OF 
AN  ACTIVE  OSCILLATOR  or  the  DESIGN  OR 
CHOICE  OF  PARTS  USED  FOR  THE  ELECTRONICS, 
or  ENVIRONMENTAL  PROPERTIES.  Flicker  FM 
is  common  in  high-quality  oscillators, 
but  may  be  masked  by  white  FM  (1/f2)  or 
flicker  PM  (1/f)  in  lower-quality  oscil¬ 
lators. 

3.  White  FM  (1/f2)  noise  is  a  common  type 
found  in  PASSIVE-RESONATOR  FREQUENCY 
STANDARDS.  These  contain  a  slave  oscil¬ 
lator,  often  quartz,  which  is  locked  to 
a  resonance  feature  of  another  device 
which  behaves  much  like  a  high-Q  filter. 
Cesium  and  rubidium  standards  have  white 
FM  noise  characteristics. 

4.  Flicker  PM  (1/f)  noise  may  relate  to  a 
physical  resonance  mechanism  in  an 
oscillator,  but  it  usually  is  added  by 
NOISY  ELECTRONICS.  This  type  of  noise 
is  common,  even  in  the  highest  quality 
oscillators,  because  in  order  to  bring 
the  signal  amplitude  up  to  a  usable 
level,  amplifiers  are  used  after  the 
signal  source.  Flicker  PM  noise  may  be 
introduced  in  these  stages.  It  may  also 
be  introduced  in  a  frequency  multiplier. 


Flicker  PM  can  be  reduced  with  good 
low-noise  amplifier  design  (e.g. ,  using 
rf  negative  feedback)  and  hand-selecting 
transistors  and  other  electronic  com¬ 
ponents. 

5.  White  PM  ( f 0 )  noise  is  broadband  phase 
noise  and  has  little  to  do  with  the 
resonance  mechanism.  It  is  probably 
produced  by  similar  phenomena  as  flicker 
PM  (1/f)  noise.  STAGES  OF  AMPLIFICATION 
are  usually  responsible  for  white  PM 
noise.  This  noise  can  be  kept  at  a  very 
low  value  with  good  amplifier  design, 
hand-selected  components,  the  addition 
of  narrowband  filtering  at  the  output, 
or  increasing,  if  feasible,  the  power  of 
the  primary  frequency  source.1^ 


12.2  Other  types  of  noise 

A  commonly  encountered  type  of  noise  from  a 
signal  source  or  measurement  apparatus  is  the 
presence  of  60  Hz  A.C.  line  noise.  Shown  in 
figure  12.2  is  a  constant  white  PM  noise  source 
with  60  Hz,  120  Hz  and  180  Hz  components  added. 
This  kind  of  noise  is  usually  caused  by  AC  power 
getting  into  the  measurement  system  or  the  source 
under  test.  In  the  plot  of  S.(f),  one  observes 
discrete  line  spectra.  Although  S^(f)  is  a  measure 
of  spectral  density,  one  can  interpret  the  line 
spectra  with  no  loss  of  generality,  although  one 
usually  does  not  refer  to  spectral  densities  when 
characterizing  discrete  lines.  Figure  12.3  is  the 
time  domain  representation  of  the  same  white  phase 
modulation  level  with  60  Hz  noise.  Note  that  the 
amplitude  of  a^(t)  varies  up  and  down  depending  on 
sampling  time.  This  is  because  in  the  time  domain 
the  sensitivity  to  a  periodic  wave  varies  directly 
as  the  sampling  interval.  This  effect  (which  is 
an  alias  effect)  is  a  very  powerful  tool  for 
filtering  out  a  periodic  wave  imposed  on  a  signal 
source.  By  sampling  in  the  time  domain  at  integer 
periods,  one  is  virtually  insensitive  to  the 
periodic  (discrete  line)  term. 
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FIGURE  12.3 

For  example,  diurnal  variations  in  data  due  to  day 
to  day  temperature,  pressure,  and  other  environ¬ 
mental  effects  can  be  eliminated  by  sampling  the 
data  once  per  day.  This  approach  is  useful  for 
data  with  only  one  periodic  term. 

Figure  12.4  shows  the  kind  of  plot  one  might 

see  of  S.(f)  with  vibration  and  acoustic  sen- 
♦ 

sitivity  in  the  signal  source  with  the  device 
under  vibration.  Figure  12.5  shows  the  transla¬ 
tion  to  the  time  domain  of  this  effect.  Also 
noted  in  figure  12.4  is  a  (typical)  flicker  FM 
behavior  in  the  low  frequency  region.  In  the 
translation  to  time  domain  (fig.  12.5),  the  flicker 


FM  behavior  masks  the  white  PM  (with  the  super¬ 
imposed  vibration  characteristic)  for  long  aver¬ 
aging  times. 
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FIGURE  12.5 

Figure  12.6  shows  examples  of  plots  of  two 

power  law  processes  (S.(f))  with  a  change  in  the 
9 

flicker  FM  level.  (Example  1  is  identical  to  the 
example  given  in  sec.  XI.)  Figure  12.7  indi¬ 
cates  the  effect  of  a  lower  flicker  FM  level  as 
translated  to  the  time  domain.  Note  again  the 
existence  of  both  power  law  noise  processes. 
However  for  a  given  averaging  time  (or  Fourier 
frequency)  one  noise  process  may  dominate  over  the 
other. 


FIGURE  12.6a 


FIGURE  12. 7a 


J&. 


-Ad. 

-90 

«5»-- 

-too 

W7°-- 

-ffO 

*P-- 

-#ao 

S^n  <eP.  ■ 

-ft)0 

rf1.. 

-wo 

b".. 

'lao 

kA 

-x*o 

B"*. 

CIDMIl  QtiUOXUIKRm 
►ttSUWtWT  ftW-IO’H* 


-t - * - 1 - I - 1 - ►— 

W*,  (fot*  H  *H  00m,  <000*1 
RXJ*R  W6CX*NCr,V 


EXAMPLE  2  WKUKN^UCtaW 


FIGURE  12.6b 


FIGURE  12.7b 
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Excess  device  noise  from  transistors,  capa¬ 
citors,  resistors,  and  the  like  can  introduce  a 
low  frequency  noise  which  has  been  referred  to  as 
"popcorn"  noise  because  of  its  sonic  qualities 

Figure  12.8  shows  a  plot  of  S.(f)  from  a  signal 

* 

source  having  such  excess  low  frequency  noise. 
Figure  12.9  is  the  time  domain  representation. 
The  rise  in  amplitude  of  for  long  averaging 
times  is  particularly  aggravating.  The  solution 
to  this  kind  of  problem  if  it  is  introduced  by 
devices  is  to  carefully  grade  the  devices  in  the 
assembly  and  testing  process. 

Stages  of  amplification  following  a  signal 
source  many  times  rely  on  local  degenerate  or 
overall  negative  feedback  schemes  in  order  to 
minimize  the  excess  noise  from  active  gain  elements 
(such  as  transistors).  This  is  the  recommended 
design  approach.  However,  phase  shift  in  the 
negative  feedback  circuit  or  poor  bandwidth  in  the 
gain  elements  can  result  in  poor  high  frequency 
noise  behavior.  Figure  12.10  shows  a  kind  of 
result  one  might  see  as  a  gradual  rise  in  S^(f) 
because  of  insufficient  negative  feed  back  at 
high  Fourier  frequencies. 

Section  X  discussed  aliasing  in  the  frequency 
domain.  Figure  12.11  shows  the  resultant  measure¬ 
ment  anomaly  due  to  digital  sampling  of  a  poorly 
bandlimited  (anti-aliased)  white  noise  source. 
Noise  voltage  above  the  sampling  frequency  fs  is 
folded  into  the  analysis  region  of  interest.  Note 
also  that  the  stopband  ripple  characteristics  are 
folded  into  the  high-frequency  portion  of  the 
passband.  For  a  given  sampling  frequency,  a 
compromise  exists  between  increasing  the  high- 
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frequency  extent  of  the  analysis  band  and  improving 
the  anti-aliasing  filter's  stopband  rejection. 
Section  X  has  an  example  of  the  filter  requirements 
for  a  particular  case. 


XIII.  CONCLUSION 

This  writing  highlights  major  aspects  of 
time-domain  and  frequency- domain  oscillator  signal 
measurements.  The  contents  are  patterned  after 
lectures  presented  by  the  authors.  The  authors 
have  tried  to  be  general  in  the  treatment  of 
topics,  and  bibliography  is  attached  for  readers 
who  would  like  details  about  specific  items. 
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